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INTRODUCTION 
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Ataxia  telangiectasia  (AT),  which  results  from  mutations  in  both  copies  of 
the  ATM  gene,  is  relatively  rare  with  an  incidence  of  approximately  only  1  in 
100,000.  However,  the  heterozygous  condition  which  is  characterized  by  a 
mutation  in  one  copy  of  the  gene,  is  thought  to  affect  roughly  0.5-1%  of  the 
population.  These  individuals  do  not  suffer  from  AT,  however,  they  appear  to  be 
particularly  susceptible  to  the  induction  of  breast  cancer  by  radiation.  To  examine 
this  hypothesis,  breast  cancer  patients  were  screened  for  the  presence  of  mutations 
and  polymorphisms  in  the  ATM  gene. 


BODY 


Task  1:  Month  1:  Identify  with  Dr.  Paul  Tartter  the  bilateral  breast  cancer  patients 
who  fall  into  the  two  categories  to  be  used  in  this  study. 

This  was  accomplished  using  records  Dr.  Tartter  has  assembled  for  bilateral 
breast  cancer  patients  treated  at  Mount  Sinai  over  the  past  18  years. 


Task  2:  Month  1 :  Establish  a  procedure  by  which  the  breast  cancer  patients  will  be 
recruited  into  the  study. 

There  was  relatively  easy  accessibility  to  unilateral  breast  cancer  patients  as 
many  of  these  patients  were  treated  in  the  Radiation  Oncology  Department  and 
continue  to  come  to  Mount  Sinai  periodically  for  follow-up  visits.  Arrangements 
were  made  so  that  when  patients  selected  for  this  study  arrived  for  their  exam,  an 
investigator  was  available  to  explain  the  project  to  the  patients  and  obtain  informed 
consent  for  participation  in  the  study  following  which  a  nurse  would  draw  a  blood 
sample.  A  difficulty  arose,  however,  recruiting  bilateral  breast  cancer  patients  into 
the  study  as  many  of  these  patients,  who  were  treated  as  long  as  18  years  ago, 
had  either  died,  been  lost  to  follow  up  or  rarely  visited  Mount  Sinai.  Therefore,  a 
alternate  strategy  was  developed  to  access  the  bilateral  patients  in  which  paraffin 
embedded  tissue,  preferably  lymph  node  biopsy  samples,  were  obtained  for  these 
individuals.  A  collaboration  was  established  with  Dr.  Ira  Bleiweiss,  the  pathologist 
at  Mount  Sinai  responsible  for  review  of  all  breast  cancers.  Using  this  approach,  we 
successfully  retrieved  paraffin-embedded  tissue  blocks  from  41  bilateral  patients 
identified  by  Dr.  Tartter. 
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Task  3:  Month  1:  Decide  which  regions  of  ATM  will  be  subjected  to  analysis  based 
upon  results  available  in  the  literature  at  the  time  the  project  begins 

As  of  this  point,  there  are  no  specific  allelic  hotspots  or  regions  of  ATM 
which  have  been  identified  for  mutations.  Therefore,  the  entire  coding  region  of  the 
gene  is  being  examined. 


Task  4:  Months  2-32:  Obtain  blood  samples  from  breast  cancer  patients 

Blood  samples  were  obtained  from  a  total  of  37  unilateral  breast  cancer 
patients.  In  addition,  tissue  blocks  were  retrieved  for  41  bilateral  breast  cancer 
patients. 

Task  5:  Month  2:  Create  appropriate  primers  for  RT-PCR  and  sequencing 

During  the  period  when  a  procedure  to  recruit  bilateral  breast  cancer  patients 
into  the  study  was  being  established,  efforts  were  also  initiated  to  create  primers 
for  RT-PCR.  As  this  effort  was  well  underway  by  the  time  a  decision  was  made  to 
use  genomic  DNA  obtained  from  paraffin  embedded  tissue,  it  was  decided  to 
complete  construction  of  the  cDNA  primers  and  use  them  to  screen  for  ATM 
mutations  in  unilateral  breast  cancer  patients.  The  results  of  this  portion  of  the 
project  have  been  published  and  a  reprint  of  this  manuscript  (Drumea  et  al,  2000) 
has  been  included  in  the  appendix  to  this  report.  In  addition,  primers  were  designed 
and  validated  for  use  with  genomic  DNA  to  amplify  all  of  the  exons  that  comprise 
the  ATM  gene. 

Task  6:  Months  3-36:  Isolate  mRNA  from  blood  lymphocytes  of  patients 

As  described,  rather  than  isolating  mRNA  from  blood  samples,  genomic  DNA 
was  isolated  from  paraffin-embedded  biopsy  tissues.  To  accomplish  this,  the 
ONCOR  EX-WAX™  DNA  Extraction  Kit  was  used.  The  procedure  employed  was  to 
first  cut  1 0  sections  of  5  p  thickness  from  a  paraffin-embedded  lymph  node  biopsy 
sample  and  place  them  in  a  1.5  ml  tube.  1  ml  of  100%  ethanol  was  added, 
vortexed  15  sec,  centrifuged  at  12,000  rpm  3  min,  the  ethanol  removed  and  the 
pellet  air  dried.  150  pi  of  digestion  solution  and  50  pi  of  protein  digesting  enzyme 
solution  were  added  and  the  tube  incubated  4-18  hr  at  50°.  100  pi  of  extraction 
solution  was  mixed  and  after  15  sec  the  tube  was  centrifuged  10  min  at  12,000 
rpm.  The  supernatant  was  removed  by  poking  the  pipette  tip  through  the  paraffin 
layer  on  top  and  withdrawing  the  supernatant,  leaving  the  paraffin  and  pellet 
behind.  150  pi  of  precipitation  solution  was  added  to  the  supernatant,  the  tube 
inverted  3  times,  900  pi  of  100%  ethanol  (-20°)  added  and  mixed.  After  1  hr  the 
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tube  was  centrifuged  for  10  min  at  12,000  and  the  supernatant  discarded.  The 
pellet  was  air  dried  and  50  pi  of  resuspension  solution  added  for  1  hr  at  50°. 


Task  7:  Months  3-36:  Perform  RT-PCR  with  these  samples  to  amplify  in  sections 
the  coding  region  of  the  ATM  gene. 

RT-PCR  was  not  necessary  as  genomic  DNA  samples  were  used.  The  first 
stage  PCR  reactions  were  performed  using  approximately  100-500  ng  genomic 
DNA,  125  pM  dNTPs,  250  nM  primers,  1  U  Taq  polymerase  in  a  buffer  containing 
10  mM  Tris.CI  pH  8.3,  50  mM  KCI,  1.5  mM  MgCk  and  0.01%  gelatin  and  RNase 
free  water  to  a  total  volume  of  50  pi.  The  PCR  reactions  were  performed  in  a  Perkin 
Elmer  9700  Thermal  Cycle  at  94°  for  4  min,  followed  by  30  cycles  of  1  min  at  94°, 
2  min  at  54°  and  1 .5  min  at  72°  and  one  cycle  for  8  min  at  12°.  10  pi  of  the  first 
stage  PCR  product  was  used  in  a  second  series  of  PCR  reactions  using  the  same 
conditions  to  achieve  further  amplification  of  the  region  of  interest  and  to  add  the 
T7  and  SP6  promoters  to  the  PCR  products. 


Task  8:  Months  3-36:  Use  NIRCA  to  identify  PCR  products  containing  mutations 

All  ATM  exons  were  amplified  using  PCR  for  the  DNA  samples  isolated  from 
the  bilateral  breast  cancer  patients  and  screened  for  mutations  using  a  Non- 
radio/sotopic  /?Nase  Cleavage-based  Assay  (NIRCA).  Each  second  stage  PCR 
product  was  transcribed  in  two  reaction  mixes  using  2  pi  of  the  PCR  product,  250 
nM  rNTPs,  2  U  of  either  T7  or  SP6  RNA  polymerase  in  a  buffer  containing  40  mM 
Tris.CI,  pH  7.5,  7  mM  MgCk,  2  mM  spermidine,  25  mM  NaCI  and  10  mM 
dithiothreitol  and  brought  to  a  final  volume  of  10  pi  with  RNase  free  H2O  and 
incubated  for  1  hr  at  37°.  10  pi  of  buffer  containing  80%  (v/v)  formamide,  25  mM 
NaCI,  2  mM  EDTA,  pH  8.0  was  added  to  each  transcription  reaction.  The  T7  and 
SP6  reactions  were  mixed,  incubated  at  95°  for  3  min  and  allowed  to  cool  at  room 
temperature  for  1  min.  4  pi  of  the  duplex  reactions  were  mixed  with  16  pi  of  RNase 
digestion  buffer  (10  mM  NaCI,  10  mM  Tris.CI,  pH  7.5,  1  mM  disodium  EDTA,  pH 
8.0)  with  0.5  pg/ml  RNase  A,  RNase  I  and  RNase  T1  and  brought  to  a  final  volume 
of  20  pi.  The  reaction  mixtures  were  incubated  at  37°  for  20  min  and  resolved  on  a 
3%  agarose  gel  run  at  100  V  for  approximately  45  min. 


Task  9:Months  3-36:  Sequence  all  PCR  products  which  appear  to  exhibit  mutations 

No  mutations  were  identified  in  any  of  the  DNA  samples  isolated  from  either 
the  unilateral  or  bilateral  breast  cancer  patients  and  therefore  it  was  not  necessary 
to  perform  DNA  sequencing.  However,  the  inability  to  detect  even  a  single  mutation 
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!  in  this  study  raised  a  concern  that  the  assay  used  for  this  work,  NIRCA,  did  not 
possess  sufficient  sensitivity  to  detect  the  small  number  of  mutations  that  are  likely 
*  to  be  present  in  this  breast  cancer  population.  To  address  this  concern,  the  PI  of 
thfs  project  recently  obtained  a  denaturing  high  performance  liquid  chromatography 
(DHPLC)  system  from  Transgenomic.  This  purchase  was  accomplished  from  internal 
Mount  Sinai  funding  sources. 

Through  use  of  DHPLC,  single-base  substitutions,  small  insertions  and 
deletions  can  be  detected  in  100-1500  bp  DNA  fragments  by  fractionation  of 
heteroduplexes  on  ion-pair  reverse-phase  columns.  The  Wave™  DNA  Fragment 
Analysis  System  manufactured  by  Transgenomic,  that  has  been  installed  in  the  Pi's 
laboratory  and  is  available  for  this  project,  is  a  complete  unit  for  the  automated 
DHPLC  analysis  of  PCR  products  in  a  96  well  plate  using  a  DNASep  cartridge 
specifically  designed  for  separation  of  DNA  fragments.  This  represents  a  high 
throughput  technique  in  which  large  numbers  of  DNA  samples  can  be  rapidly 
screened  for  base  sequence  alterations. 

DHPLC  relies  upon  the  physical  changes  in  DNA  molecules  induced  by 
mismatched  heteroduplex  formation  during  reannealing  of  wild  type  and  mutant 
DNA.  In  this  method,  a  portion  of  a  gene  is  amplified  using  standard  PCR  conditions 
and  the  products  analyzed  using  DHPLC.  Material  from  a  homozygous  sample  will 
only  form  one  species,  the  wild-type  homoduplex,  which  will  appear  as  a  single 
peak  on  the  DHPLC  chromatogram.  However,  when  the  PCR  products  produced 
from  a  sample  heterozygous  for  a  base  sequence  alteration  are  heated  to  95°C,  and 
then  slowly  cooled,  the  DNA  strands  separate  and  randomly  reanneal  to  form  a 
mixture  of  three  species;  a  mutant  homoduplex,  a  heteroduplex  and  a  wild  type 
homoduplex.  These  will  appear  ideally  as  four  peaks  on  a  chromatogram,  although 
often  only  two  or  three  peaks  are  present  as  either  the  two  homoduplexes  or  two 
heteroduplexes  may  not  be  resolvable  from  each  other. 

On  6/29/00,  Ms.  Cheryl  Miles  was  informed  that  we  wished  to  exercise  our 
option  for  a  one-year  no-cost  extension  of  this  grant  so  that  the  new  termination 
date  for  this  project  is  8/10/01.  The  purpose  of  this  extension  was  to  reanalyze  all 
of  the  samples  obtained  from  the  breast  cancer  patients  using  the  rapid  and 
sensitive  DHPLC  instrument  to  determine  whether  any  mutations  went  undetected 
using  NIRCA.  Over  the  past  year  we  were  able  to  accomplish  the  re-screening  of  all 
37  unilateral  breast  cancer  patients  plus  an  additional  15  patients.  The  results  of 
this  work  are  summarized  in  three  papers  that  are  included  in  the  Appendix  (Atencio 
et  al.,  in  press;  Atencio  et  al.,  submitted  for  publication;  lannuzzi  et  al.,  submitted 
for  publication).  Unfortunately,  due  to  limitations  in  time  and  funding,  it  was  not 
possible  to  screen  the  bilateral  breast  cancer  patients  for  ATM  mutations. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


v  •  Identification  of  6  breast  cancer  patients  possessing  a  total  of  8  different  novel 
germline  ATM  mutations  and  43  patients  exhibiting  a  total  of  141  DNA 
sequence  variations  representing  21  different  common  polymorphisms  and  rare 
variants. 

•  Demonstration  that  the  incidence  of  ATM  heterozygosity  in  the  sample  of  breast 
cancer  patients  studied  (12%)  was  significantly  (p<.05)  greater  than  the  1%  of 
the  general  population  thought  to  be  carriers  of  a  mutation  in  the  ATM  gene. 
This  result  is  consistent  with  the  conclusion  that  women  who  are  carriers  of  a 
mutation  in  the  ATM  gene  are  at  increased  risk  for  the  development  of  a  breast 
cancer. 

•  Demonstration  of  a  significant  difference  in  the  incidence  of  ATM  mutations 
among  African-American  breast  cancer  patients  (3/7  =  43%)  compared  with 
other  ethnic  groups  (3/45  =  7%). 

•  Discovery  of  the  first  person  to  have  been  identified  possessing  two  mutated 
copies  of  the  ATM  gene,  but  not  exhibiting  classical  AT-associated 
characteristics. 

•  Demonstration  that  100%  (3/3)  of  the  breast  cancer  patients,  treated  with 
radiotherapy  and  developing  grade  3-4  subcutaneous  late  sequelae,  possessed 
ATM  mutations.  In  contrast,  only  7%  (3/43)  of  the  patients  who  did  not 
manifest  this  form  of  severe  toxicity  harbored  an  ATM  mutation.  This  finding 
suggests  that  all  breast  cancer  patients  should  be  screened  for  ATM  mutations 
as  possession  of  an  altered  ATM  gene  appears  to  be  predictive  of  an  increase  in 
subcutaneous  late  effects  following  treatment  with  radiation.  Therefore, 
possession  of  an  ATM  mutation  may  prove  to  be  a  relative  contraindication  to 
standard  management  with  radiotherapy. 
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CONCLUSIONS 

Using  DHPLC,  we  have  discovered  that  breast  cancer  patients  have  a  higher 
incidence  of  ATM  heterozygosity  than  the  general  population  and  therefore 
possession  of  an  ATM  mutation  may  render  a  woman  susceptible  to  the 
development  of  breast  cancer.  This  may  be  particularly  true  for  African-American 
women.  In  addition,  being  a  carrier  of  ATM  mutations  results  in  a  greater  chance 
that  a  breast  cancer  patient  undergoing  radiotherapy  will  develop  complications 
resulting  from  treatment.  Finally,  we  have  identified  the  first  person  to  possess  two 
mutated  copies  of  the  ATM  gene,  but  not  to  exhibit  the  disease  ataxia 
telangiectasia.  This  demonstrates  that  possession  of  two  missense  mutations  do 
not  necessarily  cause  AT,  although  such  a  person  may  be  more  susceptible  to 
breast  caner  formation. 
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Summary 

Based  upon  the  results  of  several  epidemiologic  studies,  it  has  been  suggested  that  women  who  are  carriers  for 
a  mutation  in  the  ataxia  telangiectasia-mutated  (ATM)  gene  are  susceptible  for  the  development  of  breast  cancer. 
Therefore,  37  consecutive  breast  cancer  patients  were  screened  for  the  presence  of  a  germline  ATM  mutation  using 
a  non-isotopic  RNase  cleavage-based  assay  (NIRCA).  This  paper  reports  the  first  use  of  NIRCA  for  detection  of 
ATM  mutations  in  breast  cancer  patients.  Using  this  assay,  no  ATM  mutations  were  found  in  our  patient  popu¬ 
lation.  This  result  is  similar  to  the  findings  of  other  studies  that  have  employed  approaches  complementary  to 
NIRCA. 


Introduction 

Ataxia-telangiectasia  (AT)  is  an  autosomal  recessive 
disorder  characterized  by  progressive  cerebellar  de¬ 
generation  with  ataxia,  conjunctival  telangiectasias, 
immunodeficiency,  chromosomal  instability,  radiation 
sensitivity  and  cancer  predisposition  [1].  The  cancer 
risk  exhibited  by  AT  patients  is  believed  to  be  approx¬ 
imately  60-180  times  higher  than  that  of  the  general 
population  [2],  consisting  primarily  of  lymphomas  and 
leukemias.  Ataxia  telangiectasia-mutated  (ATM),  the 
gene  whose  alteration  results  in  AT,  has  been  cloned 
and  mapped  to  chromosome  11  q22-23  [3,  4].  ATM, 
which  is  expressed  in  a  wide  variety  of  tissues,  is 
approximately  150  kb  in  length  possessing  66  exons 
with  a  12  kb  transcript.  The  open  reading  frame  of 
9168  nucleotides  encodes  a  nuclear  phosphoprotein  of 
3056  amino  acids.  Most  AT  patients  are  compound 

*  This  paper  is  dedicated  to  the  memory  of  Eva  Levine,  whose 
extraordinary  sensitivity  and  devotion  to  her  patients  was  an  inspir¬ 
ation  to  her  colleagues  and  will  forever  he  missed. 


heterozygotes  with  the  location  of  mutations  spread 
throughout  the  genome  [5],  Concannon  and  Gatti  [6] 
found  that  12%  of  78  unique  mutations  demonstrated 
in  AT  patients  would  be  predicted  to  produce  either  a 
truncated  protein  or  no  product. 

A  hallmark  of  this  disease  is  great  sensitivity  to 
radiation  as  AT  patients  who  were  exposed  to  conven¬ 
tional  radiation  doses  for  cancer  treatment  developed 
devastating  tissue  necrosis  [7],  The  basis  for  this 
radiosensitivity  has  long  been  the  subject  of  investig¬ 
ation  that  advanced  significantly  with  cloning  of  the 
ATM  gene.  It  has  been  demonstrated  that  the  ATM 
protein  belongs  to  an  expanding  family  of  large  eu¬ 
karyotic  proteins  involved  in  intracellular  signaling, 
cell  cycle  control,  DNA  repair  and  recombination  in 
response  to  DNA  damage.  This  family  of  proteins 
has  been  grouped  together  with  ATM  primarily  based 
upon  the  strong  homology  of  their  carboxyl  termini  to 
the  lOOkDa  catalytic  subunit  of  the  mammalian  sig¬ 
nal  transduction  mediator  phosphatidylinositol-3  (PI- 
3)  kinase.  PI-3  kinases  appear  to  participate  in  many 
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cellular  processes,  including  insulin-dependent  gluc¬ 
ose  transport,  growth  factor  responses  and  cellular 
differentiation  [8-10]. 

The  worldwide  incidence  of  AT  is  estimated  at 
1:40,000-1: 100,000  live  births  [11,  12].  In  contrast  to 
the  relative  rarity  of  this  disease  resulting  from  ATM 
homozygosity,  heterozygosity  is  far  more  common 
and  it  has  been  estimated  that  approximately  1%  of 
the  population  possesses  a  mutation  in  one  copy  of 
this  gene  [13].  These  heterozygotes  do  not  manifest 
any  outward  radiation  sensitivity,  but,  cells  derived 
from  individuals  who  are  carriers  for  a  mutation  in  this 
gene  exhibit  a  slightly  increased  radiation  sensitivity 
[14,15]. 

Based  upon  the  results  of  epidemiologic  stud¬ 
ies,  it  has  been  suggested  that  ATM  carriers  have 
a  2-6  fold  greater  risk  for  cancer  development  and 
are  particularly  predisposed  to  breast  cancer  com¬ 
pared  with  non-carriers  [16-18],  It  has  been  estim¬ 
ated  that  9-18%  of  all  women  with  breast  cancer 
may  be  ATM  heterozygotes  [19].  To  address  this 
issue,  Easton  [20]  performed  a  pooled  analysis  of 
four  studies  [16,  17,  19,  21]  from  which  it  can  be 
suggested  that  AT  heterozygotes  are  more  prone  to 
breast  cancer  and  could  account  for  up  to  13%  of 
breast  cancer  cases,  with  3.8%  being  the  best  es¬ 
timate.  However,  recent  studies  have  cast  a  doubt 
upon  this  suggestion  as  the  level  of  mutations  detec¬ 
ted  among  breast  cancer  patients  has  been  consistent 
with  only  the  1%  frequency  estimated  for  the  gen¬ 
eral  population  [22-24].  In  addition,  ATM  mutations 
have  not  been  detected  in  breast  cancer  patients  who 
developed  unusually  severe  responses  to  radiotherapy 
indicating  that  ATM  heterozygosity  does  not  result 
in  acute  complications  associated  with  this  treatment 
[25-27]. 

All  of  the  studies  performed  to  date  have  been 
accomplished  using  either  the  protein  truncation  test 
(PTT),  restriction-endonuclease  fingerprinting  (REF) 
or  single  strand  conformation  polymorphism  (SSCP). 
However,  it  is  important  to  note  that  none  of  these 
techniques  is  capable  of  detecting  all  mutations  and  it 
is  always  essential  to  use  a  series  of  screening  methods 
to  locate  most  mutations  in  a  population.  It  is,  there¬ 
fore,  important  to  employ  a  complementary  assay  with 
a  different  basis  to  identify  mutations  which  had  pos¬ 
sibly  gone  undetected  using  other  techniques.  NIRCA 
represents  such  an  alternative  approach.  Hence,  the 
purpose  of  this  study  was  to  determine  the  prevalence 
of  germlme  ATM  mutations  in  breast  cancer  patients 
using  NIRCA. 


Methods 

¥ 

Patients 

Three  milliliter  of  peripheral  venous  blood  samples 
were  obtained  from  a  hospital-based  series  of  37  un¬ 
selected  patients  diagnosed  with  primary  breast  cancer 
treated  with  radiation  therapy  with  or  without  chemo¬ 
therapy  between  1992  and  1997.  The  nature  of  the 
project  was  discussed  with  each  patient  and  signed  in¬ 
formed  consent  was  obtained  prior  to  obtaining  each 
blood  sample.  Patient  characteristics  were  obtained  by 
chart  review  and  are  presented  in  Table  1 . 


Table  I.  Breast  cancer  patient  characteristics 


Patient  characteristics 

Number  of  patients  (%) 

Age  Group  (years) 

Under  40 

2  (5.5) 

40-59 

14(37.8) 

60-80 

20  (54) 

Over  80 

1(2.7) 

Median  Age  =  62 

Ethnic  group 

Caucasian3 

20  (54) 

Hispanic 

13(35.2) 

Black 

3(8.1) 

Asian 

1(2.7) 

Menopausal  status 

Prc-  and  peri -menopausal 

9  (24.3) 

Postmenopausal 

28  (75.7) 

Family  history  of  cancer 

Breast*5 

13(35.2) 

Other  site 

9  (24.3) 

None 

15  (40.5) 

Stage  of  disease 

Stage  0 

3(8.1) 

Stage  I 

27 (80) 

Stage  II 

6(16.2) 

Stage  III 

1  (2.7) 

Histology 

Intraductal 

3(8.1) 

Infiltrating  duct 

26(70.1) 

Infiltrating  lobular 

2  (5.5) 

Tubular 

1  (2.7) 

Tubulo-lobular 

3(8.1) 

Adenocarcinoma 

2(5.5) 

a  1 1  patients  of  Ashkenazi  Jewish  background. 
b7  patients  with  first-degree  relatives. 
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RNA  extraction  and  cDNA  synthesis 

Lymphocytes  were  isolated  by  Ficol-plaque  separa¬ 
tion.  1.5  ml  Ficol  was  added  to  3  ml  of  blood  and  cent¬ 
rifuged  at  12000rpm  for  20  min  at  room  temperature. 
The  lymphocytes  layer  was  collected,  washed  with 
10  ml  PBS  and  centrifuged  for  10  min,  room  temperat¬ 
ure,  at  1 2,000  rpm.  To  isolate  RNA  from  the  lympho¬ 
cytes,  2  ml  RNAzol™  (Cinna/TEL-TEST)  was  added 
to  the  cells,  followed  by  addition  of  100  \i\  of  chloro¬ 
form  and  centrifuged  at  4°C  for  15  min  at  12,000  rpm. 
The  supernatant  was  transferred  to  a  1.5  ml  tube  and  an 
equal  volume  of  isopropanol  added  to  the  supernatant. 
The  tube  was  held  at  — 20°C  overnight  and  centrifuged 
15  min  at  4°C.  The  supernatant  was  removed  and  the 
pellet  washed  with  500  |jl1  of  70%  ethanol.  After  cent¬ 
rifugation  at  4°C,  12,000  rpm,  for  8  min,  the  super¬ 
natant  was  removed  and  the  pellet  washed  with  200  jxl 
of  70%  ethanol  and  centrifuged  once  more  at  4°C, 
12,000  rpm  speed,  for  8  min.  The  supernatant  was  re¬ 
moved,  the  pellet  air-dried  and  30  |xl  RNase  free  H2O 
added. 

cDNA  was  synthesized  using  the  isolated  RNA  as 
a  template  by  combining  20  pi  RNA  solution  with  4  jxl 
random  primers.  The  mixture  was  heated  to  70°C  for 
10  min  and  quickly  chilled  on  ice.  After  a  brief  cent¬ 
rifugation,  4  jxl  of  5  x  first  strand  buffer,  2  pd  0.1  M 
DTT  and  1  pi  10  mM  dNTP  mix  (10  mM  each  dATP, 
dGTP,  dCTP  and  dTTP  at  pH  7.0)  were  added  and 
the  mixture  incubated  2  min  at  42°C.  Two  micro  litre 
(200  units)  SUPERSCRIPT™  was  added,  the  mixture 
incubated  50  min  at  42°C  and  then  70°C  for  15  min. 
To  remove  RNA  complementary  to  the  cDNA,  the  re¬ 
action  was  treated  with  2  units  E.  coli  RNase  H  and 
incubated  at  37°C  for  20  min. 

PCR  conditions  and  primers 

Segments  of  the  ATM  gene  were  amplified  from  ali¬ 
quots  of  the  cDNA  template  using  sets  of  primer  pairs. 
The  primers  were  designed  with  the  aid  of  Oligo- 
5  software  (NBI,  Plymouth,  MN)  and  are  listed  in 
Table  2  (first  stage  primers)  and  Table  3  (second  stage 
primers).  The  ATM  open  reading  frame  was  amplified 
in  a  series  of  12  overlapping  fragments  that  were  ap¬ 
proximately  1  kb  in  size.  The  product  of  each  PCR 
reaction  was  then  used  as  a  template  for  a  second  re¬ 
action  to  further  amplify  this  region  of  the  gene.  In 
addition,  the  primers  were  designed  so  that  sequences 
for  the  T1  and  SP6  promoters  were  incorporated  into 
the  5'  end  of  each  sense  and  antisense  primer,  re¬ 
spectively.  Two  microlitre  of  cDNA  was  used  in  a 


Table  2.  Sequences  of  first  stage  ATM  primers 


Fragment 

number 

Bases 

amplified 

Primer  sequence 

1 -Sense 

5-906 

G  AGG  AGTCGGG  AT  CT  GC 

1  -Antisense 

GACAGCCAAAGTCTTGAG 

2-Sense 

695-1676 

CTGTGTACTTCAGGCTCT 

2-Antisense 

GCTTGTATTTGCTCAGAA 

3-Sense 

1544-2509 

CACCATATGTGTTACGAT 

3 -Anti  sense 

TCATATTTCTCAAGGAAC 

4-Sense 

2329-3298 

ACTCTTGTCCGGTGTTC 

4-Antisense 

AGGGCCATTCTTACAGA 

5-Sense 

2978-3977 

TAATTGATTCTAGCACGC 

5 -Antisense 

CTTCTAATCACCAGATGT 

6 -Sense 

3877-4850 

AACTTATCTTCTTTTCC 

6- Antisense 

AATCGTGATATAGAGGT 

7-Sense 

4710-5682 

TTACTGTAAGGATGCTC 

7-Antisense 

AGTCAGTTTTCACTTCA 

8-Sense 

5559-6534 

TGATATAAATCTGTGGA 

8-Antisense 

TTCTACTTCTTTGCTG 

9-Sense 

6407-7353 

TCTGCCATATTCTTTCC 

9-Antisense 

A  ACCGGGCTA  AT  GAG 

10-Sense 

7193-8172 

CAGAATGTCTGAGGGT 

10- Antisense 

TAGTAGGGACAACAACA 

11 -Sense 

8047-8952 

GTTGAGGCACTTTGTGA 

11  -Antisense 

AGACACCTTCAACACCC 

12-Sense 

8409-9353 

GAGAAACACGGAAACTA 

12- Antisense 

TACTGAAGATCACACCC 

50  pd  PCR  reaction  using  250  nM  first  stage  primers, 
125  |xM  dNTPs,  1  U  Taq  polymerase  in  a  buffer  con¬ 
taining  lOmMTris-Cl  at  pH  8.3,  50  mM  KC1,  1.5  mM 
MgCU  and  0.01%  gelatin.  The  PCR  reactions  were 
performed  in  a  Perkin  Elmer  9700  ThermalCycler 
with  the  following  settings:  94°C  for  4  min,  followed 
by  30  cycles  of  1  min  at  94° C,  1  min  at  55°C,  2  min  at 
72°C,  and  one  cycle  for  7  min  at  72°C.  One  microlitre 
of  first  stage  PCR  product  was  used  in  the  nested  PCR 
reactions  using  the  same  conditions,  with  second  stage 
primers. 

Non-isotopic  RNase  cleavage  assay  (NIRCA) 

The  MisMatch  Detect  II  Non-Isotopic  RNase  Cleav¬ 
age  Assay  Kit  (Ambion,  Austin,  TX)  was  used  to 
screen  the  samples  for  ATM  mutations  [28,  29].  Each 
second  stage  PCR  product  was  transcribed  in  two  reac¬ 
tion  mixes  using  4  pd  of  PCR  product,  250  nM  rNTPs, 
1  U  of  either  T7  or  SP6  RNA  polymerase  in  a  buf¬ 
fer  containing  40  mM  Tris-Cl,  pH  7.5,  7mM  MgCU, 
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2mM  spermidine,  25  mM  NaCl  and  lOmM  dithio- 
threitol  and  brought  to  a  final  volume  of  12  pd  with 
RNase  free  H2O.  Following  incubation  for  90  min 


Table  3.  Sequences  of  second  stage  ATM  primers 


Fragment 

number 

Bases 

amplified 

Primer  sequence3 

1-T7 

37-790 

TAATCGACTCACTATAGGG 

CGGTTGATACTACTTTG 

1-SP6 

ATTTAGGTGACACTATAGAA 

TTTAATCCGTCAGTCT 

2-T7 

755-1632 

TAATCGACTCACTATAGGA 

ATAATTCATGCTGTTAC 

2-SP6 

ATTTAGGTGACACTATAGAA 

TTTTATTCCAGAGTTT 

3-T7 

1570-2425 

TAATCGACTCACTATAGGA 

AGTTGCATTGTGTCAAG 

3-SP6 

ATTTAGGTGACACTATAGGA 

GTTGGCTTTCTGGAA 

4-T7 

2368-3247 

TAATCGACTCACTATAGGG 

CTGCTACT  GTTAC  A 

4-SP6 

ATTTAGGTGACACTATAGAA 

TGCTCCAATTACTGT 

5-T7 

3055-3944 

TAATCGACTCACTATAGGA 

GAAGAGTACCCCTTGC 

5-SP6 

ATTTAGGTGACACTATAGGA 

GATGTGGAATCAAAACCTTAT 

6-T7 

3911-4796 

TAATCGACTCACTATAGGA 

CACAAATATTGAGGAT 

6-S  P6 

ATTTAGGTGACACTATAGAA 

GTCCAATACCTGTT 

7-T7 

4782-5644 

TAATCGACTCACTATAGGG 

TGGAGGTTCAGA 

7-SP6 

ATTTAGGTGACACTATAGAA 

GAATTTCACATTTTGT 

8-T7 

5607-6500 

TAATCGACTCACTATAGGA 

A  AG  AC  ACT  G  ACTTGTG 

8-SP6 

ATTTAGGTGACACTATAGAA 

CTGCATATTCCTCC 

9-T7 

6451-7285 

TAATCGACTCACTATAGGA 

ATAAAGACTGGTGTCC 

9-S  P6 

ATTTAGGTGACACTATAGAA 

TTTCCAGCAACTTC 

10-T7 

7213-8113 

TAATCGACTCACTATAGGG 

CAACTGGTTAGC 

10-SP6 

ATTTAGGTGACACTATAGAA 

TATTTATGCCTTTT  CT 

11-T7 

8082-8669 

TAATCGACTCACTATAGGA 

AACTTAGATGCCACTC 

11-SP6 

ATTTAGGTGACACTATAGGA 

AAACTGGTTGAA 

Table  3.  (countinued) 


12-T7  8598-9328  TAATCGACTCACTATAGGA » 

AAATGATGGAGGTGC 

12-SP6  ATTTAGGT G  AC  ACTATAG  A  A 

TCCTGGGAAAAGTCG 

aThe  underlined  regions  indicate  the  phage  promoter  se¬ 
quences.  Generally,  the  first  two  bases  at  the  3'  end  of  the 
promoter  overlapped  in  each  case  with  the  first  two  bases  of 
the  ATM  fragment. 

at  37°C,  6  |il  of  buffer  containing  80%  formamide, 
25  mM  NaCl,  2mM  EDTA,  pH  8.0,  was  added  to 
each  transcription  reaction.  The  T7  and  SP6  reac¬ 
tions  were  mixed,  incubated  at  95°C  for  5  min  and 
allowed  to  cool  at  room  temperature  for  5  min.  The 
duplex  reactions  of  4.5  \x\  were  mixed  with  13.5  pd  of 
RNase  digestion  buffer  (10  mM  NaCl,  10  mM  Tris-Cl, 
pH 7.5,  ImM  disodium  EDTA,  pH  8.0)  with  RNase  2 
and  RNase  1  (from  E.  coli)  at  a  concentration  of  1 : 100 
(0.5  pg/ml)  and  1:200,  respectively.  The  reaction  mix¬ 
tures  were  incubated  at  37°C  for  25  min  and  resolved 
on  a  2%  agarose  gel  run  at  1 00  V  for  approximately 
45  min. 


Results 

RNA  was  isolated  from  peripheral  blood  lymphocytes 
of  37  breast  cancer  patients  in  order  to  detect  possible 
ATM  mutations.  The  characteristics  of  the  subjects 
are  presented  in  Table  1.  cDNA  copies  of  the  ex¬ 
tracted  mRNA  were  produced  for  each  sample.  This 
approach  was  employed,  rather  than  the  use  of  gen¬ 
omic  DNA,  to  avoid  analysis  of  intronic  DNA  regions. 
The  ATM  open  reading  frame  was  amplified  in  12 
overlapping  segments  using  nested  PCR.  The  products 
of  the  second  stage  PCR  reactions,  all  roughly  1  kb  in 
size,  were  subjected  to  agarose  gel  electrophoresis  and 
the  results  obtained  for  three  patients  using  two  sets  of 
primers  and  a  p53  control  displayed  in  Figure  1 . 

The  PCR  products  that  contained  promoters  for 
either  the  T7  or  SP6  RNA  polymerase  were  then  tran¬ 
scribed  in  an  in  vitro  system.  The  convention  followed 
with  this  assay  was  linkage  of  the  T1  promoter  to  the 
sense  strand  of  the  fragment  while  the  SP6  promoter 
was  attached  to  the  antisense  strand.  The  RNA  product 
produced  from  either  the  sense  or  antisense  strand  was 
hybridized  with  the  complementary  RNA  strand  pro¬ 
duced  using  known  normal  tissue  not  possessing  an 
ATM  mutation.  In  addition,  for  each  experiment,  the 


ATM  and  breast  cancer  83 


Z3 


ti 


ABC 


Figure  1.  PCR  products.  Second  stage  PCR  products  for  DNA  isol¬ 
ated  from  two  breast  cancer  patients  (lanes  1  and  2)  and  one  person 
not  diagnosed  with  breast  cancer  (lane  3)  and  amplified  with  primers 
for  fragments  4  and  6,  labeled  as  A  and  B,  respectively.  DNA 
known  not  to  possess  a  mutation  in  the  p53  gene  and  a  DNA  sample 
with  a  known  mutation  are  shown  in  lanes  4  and  5,  respectively. 
These  samples  were  amplified  with  primers  for  a  DNA  fragment 
encompassing  p53  exons  5  and  6  and  labeled  C. 

RNA  produced  from  a  known  mutant  and  wild  type 
was  hybridized  with  RNA  transcribed  from  a  wild 
type  DNA  template  to  serve  as  positive  and  negative 
controls  for  this  assay,  respectively. 

These  duplexes  were  subjected  to  agarose  gel  elec¬ 
trophoresis  either  prior  to  (Figure  2)  or  following 
digestion  (Figure  3)  with  RNase.  The  basis  of  this 
screening  technique  is  the  sensitivity  to  cleavage  with 
RNase  of  an  RNA  duplex  containing  a  mismatched 
region  [28,  29].  This  heteroduplex  forms  when  RNA 
produced  from  a  PCR  product  possessing  a  mutation 
at  a  particular  site  is  hybridized  with  RNA  produced 
from  a  wild  type  DNA  template.  As  can  be  seen  in  Fig¬ 
ure  3,  there  was  the  appearance  of  two  bands  following 
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Figure  2.  Transcription  products  -  no  digestion.  RNA  products  res¬ 
ulting  from  hybridization  of  RNA  produced  from  the  sense  strand  of 
tumor  biopsy  DNA  and  RNA  synthesized  from  the  antisense  strand 
of  DNA  isolated  from  normal  human  DNA.  The  lanes  are  labeled  as 
described  in  Figure  1. 
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Figure  3.  RNase-treated  transcription  products.  Products  resulting 
from  RNase  digestion  of  the  duplex  RNAs  shown  in  Figure  2. 

digestion  of  the  RNA  duplex  derived  from  DNA  frag¬ 
ments  containing  a  known  mutation  in  the  p53  gene 
confirming  the  presence  of  a  mutation.  In  contrast, 
none  of  the  assays  performed  to  detect  ATM  muta¬ 
tions  exhibited  multiple  bands,  other  than  for  samples 
obtained  from  eight  patients  in  which  the  common 
G^A  transition  polymorphism  at  base  5557  in  exon 
39  (30-32)  was  detected.  These  results  indicate  that 
there  were  no  ATM  mutations  present  in  the  breast 
cancer  patients  tested. 

Discussion 

A  series  of  37  breast  cancer  patients  was  screened  for 
germline  mutations  in  the  ATM  gene.  This  work  was 
accomplished  using  NIRCA,  an  assay  that  is  comple¬ 
mentary  to  the  approaches  which  have  been  previously 
used  to  estimate  ATM  mutation  frequency  in  breast 
cancer  patients.  No  ATM  mutations  were  detected  in 
this  study,  which  is  consistent  with  the  results  obtained 
using  other  techniques  [22-24].  Although  the  number 
of  patients  tested  in  this  study  was  modest,  our  finding 
of  no  ATM  mutations  in  a  group  of  37  patients  provides 
a  95%  upper  confidence  interval  limit  for  ATM  carriers 
among  breast  cancer  patients  of  7.8%. 

NIRCA  was  used  in  this  study  for  a  variety  of 
reasons: 

(1)  It  has  been  shown  that  NIRCA  is  capable  of  de¬ 
tecting  a  variety  of  mutations,  including  point 
mutations  as  well  as  deletions  and  insertions,  with 
a  high  level  of  sensitivity  and  accuracy  [28,  29, 
33^40]; 

(2)  Relatively  large  target  regions  of  at  least  1000  bp 
can  be  screened  in  a  single  step.  This  is  in  contrast 
to  other  assays  that  are  limited  to  much  smaller  tar¬ 
get  regions.  This  is  critical  for  screening  ATM ,  as 
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even  the  expressed  portion  of  the  gene  is  large,  and 
the  identified  mutations  are  scattered  throughout 
the  gene; 

(3)  Using  NIRCA,  it  is  not  necessary  to  possess  any 
information  as  to  potential  sites  for  mutations.  The 
entire  coding  sequence  of  the  gene  can  be  analyzed 
and  therefore  mutations  at  any  point  along  the  gene 
can  be  detected; 

(4)  The  position  of  the  bands  on  a  gel  provide  a 
preliminary  identification  of  the  location  for  a 
mutation  which  facilitates  DNA  sequencing  and 
analysis  of  sequencing  data. 
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It  has  long  been  held  that  a  person  harboring  mutations  in  both  copies  of  the  ATM  gene 
will  display  the  disorder  ataxia  telangiectasia  (AT).  However,  we  have  identified  a  woman 
who  does  not  manifest  any  of  the  classic  symptoms  of  this  disease  but  possesses  non¬ 
conservative  missense  mutations  in  both  copies  of  the  A  TM  gene.  One  mutation  is  located  in 
exon  30  (4138C-»T)  and  causes  replacement  of  a  tyrosine  for  a  histidine.  The  second 
mutation  was  discovered  in  exon  31  (4400A->G)  and  encodes  an  amino  acid  change  from 
aspartate  to  glycine.  Both  amino  acid  substitutions  are  of  sufficient  structural  difference  so 
as  to  predict  for  a  potential  alteration  in  ATM  protein  function.  Four  intronic 
polymorphisms  were  also  identified.  Although  this  individual  lacks  the  typical  AT 
phenotype,  she  was  diagnosed  with  breast  cancer  and  experienced  enhanced  radiation- 
related  late  morbidity  following  radiotherapy  manifested  by  increased  skin 
hyperpigmentation  and  subcutaneous  fibrosis.  To  the  best  of  our  knowledge,  this  is  the  first 
person  identified  who  possesses  two  mutated  copies  of  ATM,  but  does  not  exhibit  classical 
AT-associated  characteristics.  This  demonstrates  that  the  presence  of  missense  mutations 
in  both  copies  of  ATM  is  not  sufficient  for  the  phenotypic  manifestation  of  AT,  although  it 
may  result  in  cancer  susceptibility  and  enhanced  adverse  radiotherapy  reactions. 


Ataxia  telangiectasia  (AT)  is  a  rare  autosomal  recessive  disorder  that  appears  thus  far  only  when 
both  copies  of  the  ATM  gene  are  mutated.  This  disorder  has  a  prevalence  of  approximately 
1/100,000  (Swift  et  al.  1996;  Woods  et  al.  1990)  and  is  characterized  by  a  pleiotropic  phenotype 
involving  multiple  organ  systems  (Segdwick  and  Boder  1991).  Progressive  cerebellar 
degeneration,  immunodeficiency,  chromosomal  instability,  cancer  predisposition,  gonadal 
dysgenesis  and  oculocutaneous  telangiectasias  are  typical  manifestations  of  this  genetic  disorder. 
The  gene  responsible,  ATM,  was  cloned  and  its  DNA  sequence  determined  in  1995  by  Savitsky 
and  coworkers.  It  is  located  on  chromosome  1  lq22-23  (Gatti  et  al.  1988;  Lange  et  al.  1996)  and 
contains  66  exons  with  start  and  stop  codons  located  within  exons  4  and  65,  respectively.  The 
product  of  the  ATM  gene  is  a  ubiquitous  370kDa  (Chen  and  Lee  1996)  nuclear  phosphoprotein 
(Watters  et  al.  1997)  that  functions  primarily  as  a  protein  kinase  (Brunn  et  al.  1996;  Banin  et  al. 
1998;  Canman  et  al.  1998;  Sarkaria  et  al.  1998).  The  ATM  protein  participates  in  the  regulation 
of  cell  cycle  progression  and  the  maintenance  of  genomic  integrity.  Cells  from  AT  patients  are 
radiosensitive  (Cole  et  al.  1988)  and  deficient  in  several  cell  cycle  checkpoints  induced  by 
ionizing  radiation  exposure  (Kastan  et  al.  1992;  Takagi  et  al.  1998). 


In  contrast  to  the  rarity  of  the  AT  disorder,  it  has  been  suggested  that  1-2%  (Swift  et  al.  1986)  of 
the  overall  population  are  heterozygous  for  a  single  ATM  mutation  and  that  people  who  are  ATM 
mutation  carriers  are  more  susceptible  to  the  development  of  several  forms  of  cancer 
(Vorchevsky  et  al.  1997;  Stankovic  et  al.  1999;  Schaffner  et  al.  2000).  Furthermore,  it  has  been 
suggested  that  cancer  susceptibility  is  associated  with  the  presence  of  a  missense  mutation  (Gatti 
et  al.  1999)  and  resultant  decreased  levels  of  ATM  protein  or  diminished  protein  activity  may 
cause  inadequate  genomic  surveillance.  AT  patients,  however,  have  truncation  mutations  in  the 


majority  of  cases  (Concannon  and  Gatti  1997)  and  the  ATM  protein  is  often  absent  (Sandoval  et 
al.  1999).  A  hallmark  of  AT  patients  is  their  marked  sensitivity  to  ionizing  radiation  (Gotoff  et 
al.  1967;  Taylor  et  al.  1975)  and  this  has  led  to  speculation  that  A  TM  heterozygotes  are  prone  to 
radiation-related  complications  resulting  from  radiotherapy  (Varghese  et  al.  1999). 


A  peripheral  blood  sample  was  obtained  from  the  person  who  is  the  subject  of  this  study,  and 
lymphocytes  were  isolated  by  Ficoll-Paque  separation.  DNA  was  extracted  and  PCRs  were 
performed  to  amplify  each  of  the  62  ATM  exons  that  comprise  the  translated  region  of  the  gene. 
The  PCR  products  were  screened  for  ATM  base  sequence  alterations  using  a  WAVE  Nucleic 
Acid  Fragment  Analysis  System  (Transgenomic,  Omaha,  NE)  to  perform  denaturing  high 
performance  liquid  chromatography  (DHPLC).  The  buffer  gradient  and  temperature  conditions 
were  calculated  using  WAVEmaker  software  (Transgenomic,  v3.3).  For  those  products  that 
•exhibited  a  variant  chromatogram,  the  PCR  was  repeated  and  the  sequence  of  both  DNA  strands 
was  determined  using  an  ABI 3700  DNA  sequencer  (Foster  City,  CA). 

The  patient  under  study  is  a  77-year-old  post-menopausal  African-American  female  first 
diagnosed  with  breast  cancer  in  1989.  There  was  no  family  history  of  breast  cancer.  She  received 
a  right  breast  lumpectomy  and  axillary  node  dissection  that  revealed  a  3  cm  moderately 
differentiated  invasive  ductal  carcinoma.  Sixteen  axillary  lymph  nodes  were  removed  and  proved 
negative  for  metastatic  carcinoma.  The  tumor  was  estrogen  receptor  negative  and  progesterone 
receptor  positive.  She  underwent  a  course  of  adjuvant  chemotherapy  consisting  of  six  cycles  of 
CMF  (cyclophosphamide/methotrexate/5-FU),  followed  by  tamoxifen  for  5  years.  The  patient 
was  followed  with  annual  mammography  and  did  'well  without  evidence  of  disease  until  an 


abnormal  mammogram  was  found  in  1997.  An  excision  revealed  intermediate  grade  DCIS  and  a 
small  (0.2  cm)  area  of  microinvasive  ductal  carcinoma.  The  patient  received  a  course  of  adjuvant 
radiation  therapy  consisting  of  45  Gy  to  the  whole  breast,  followed  by  an  electron  boost  of  14  Gy 
to  the  tumor  bed.  She  tolerated  radiation  therapy  without  incident,  experiencing  only  a  routine 
RTOG  acute  grade  1  reaction  (Cox  et  al.  1995).  However,  a  significant  RTOG  late  grade  2  skin 
and  subcutaneous  tissue  complication  characterized  by  fibrosis  of  the  right  breast  as  well  as 
persistent  hyperpigmentation  and  edema  became  evident  two  years  following  radiation  therapy. 
This  late  reaction  was  more  severe  than  one  would  expect  based  on  the  modest  skin  reaction 
noted  during  treatment. 

DHPLC  screening  of  this  individual  revealed  6  aberrant  chromatograms.  The  sequence  of  the 
DNA  from  the  variant  exons  was  determined  and  revealed  four  intronic  polymorphisms,  as  well 
as  two  non-conservative  missense  mutations.  The  DHPLC  and  sequencing  chromatograms  for 
both  wild  type  DNA  and  PCR  products  for  regions  containing  the  two  missense  mutations  are 
shown  in  figure  1A.  The  polymorphisms  detected  were  IVS17-56G— >A,  IVS19-17G-VT, 
IVS40+26C-»T  and  IVS48-69insATT.  The  missense  mutations  identified  in  exons  30  and  31, 
4138C-VT  and  4400A-»G,  were  non-conservative  and  caused  the  substitution  of  tyrosine  for  a 
histidine  and  glycine  in  place  of  an  aspartate,  respectively. 

Further  analysis  was  conducted  to  ascertain  the  cis/trans  arrangement  of  the  two  non¬ 
conservative  missense  mutations.  It  was  possible  to  produce  a  PCR  product  encompassing  both 
of  these  mutations  as  they  are  located  in  adjacent  exons  and  the  intron  dividing  these  exons  is 
relatively  small  (498  bp).  The  forward  primer  for  exon  30  and  the  reverse  primer  for  exon  31 


were  employed  to  amplify  a  953-bp  product  that  included  both  exons.  The  fragment  was  cloned 
into  a  pGEM-T  vector  (Promega),  and  transformed  into  E.  coli  DH5a.  The  transformed  cells 
were  spread  on  LB  plates  containing  lOOpg/ml  ampicillin  (LB+amp)  and  spread  with  X-gal,  then 
incubated  overnight  at  37°C.  White  colonies  were  picked  and  re-spread  to  obtain  single  colonies 
and  avoid  the  possibility  of  mixed  colonies  resulting  from  cloning  a  heteroduplex  PCR  product. 
Single  colonies  were  picked  and  transferred  to  liquid  YT+amp  (lOOpg/ml)  media  and  incubated 
overnight,  shaking  at  37°C.  Plasmid  DNA  was  obtained  from  the  clones  using  a  miniprep  kit 
(Qiagen).  A  diagnostic  BamUl  digestion  was  performed  to  confirm  the  presence  and  ascertain  the 
orientation  of  the  cloned  insert. 

The  sequence  of  the  DNA  from  six  plasmids  was  determined.  Sequencing  chromatograms  for 
the  region  surrounding  each  mutation  are  displayed  in  figure  IB  for  two  plasmids  and  wild  type 
DNA.  The  sites  of  the  mutated  alleles  are  marked  in  the  wild-type  sequence  with  an  arrow.  All  of 
the  plasmid  sequences  fell  into  two  categories  represented  as  mut-1  and  mut-2.  All  of  the  mut-1 
plasmids  displayed  the  C->T  transition  in  exon  30  and  a  wild  type  exon  31  sequence  whereas  all 
of  the  mut-2  plasmids  exhibited  the  A->G  transition  in  exon  31  and  a  wild  type  exon  30 
sequence.  None  of  the  plasmids  possessed  either  both  mutations  or  exhibited  no  mutation.  This 
demonstrates  that  each  mutation  was  located  on  a  different  chromosome. 

The  four  polymorphisms  likely  do  not  mediate  a  change  in  either  ATM  protein  structure  or 
function  given  their  locations  within  the  intron,  outside  of  predicted  splice  site  regions.  The  two 
exonic  mutations,  however,  with  their  respective  nonconservative  amino  acid  substitutions 
probably  change  ATM  protein  structure  as  the  amino  acid  side  chain  alterations  are  significant 


and  could  result  in  conformational  alterations  that  compromise  function.  However,  neither  of 
these  two  mutations  is  located  within  regions  of  the  gene  that  encode  critical  functional  domains 
of  the  ATM  protein.  Hence,  these  amino  acid  substitutions  may  have  only  a  modest  impact  on 
ATM  protein  function.  It  has  been  demonstrated  using  ATM  antisera  that  some  AT  patients 
possessing  a  missense  mutation  continue  to  synthesize  a  functional  protein,  although  at  low 
levels  (Lakin  et  al.  1996).  Consistent  with  this  limited  affect  upon  protein  activity,  a  reduced  rate 
of  disease  progression  was  noted  in  these  cases.  Moreover,  McConville  et  al.  (1996)  identified  14 
AT  families  and  documented  milder  phenotypes  for  those  AT  patients  having  a  missense 
mutation  at  one  allele.  If  the  patient  described  in  this  report  has  the  capacity  to  produce  even  a 
moderately  functional  protein,  this  may  have  spared  her  from  the  development  of  classical  AT 
symptoms  and  only  resulted  in  increased  breast  cancer  susceptibility  and  enhanced  adverse 
responses  to  radiotherapy. 

Another  explanation  for  preservation  of  ATM  protein  function  despite  the  presence  of  two 
mutated  copies  of  the  gene  is  intragenic  complementation  (Crick  and  Orgel  1964).  The  individual 
altered  proteins  alone  may  not  be  independently  functional,  but  if  each  contains  a  point  mutation 
in  a  unique  functional  domain  or  in  different  regions  of  a  single  domain,  then  the  two 
polypeptides  together  may  interact  and  form  a  near-normal  functional  multimeric  protein.  A 
phenotype  less  severe  than  what  would  have  been  predicted  had  either  of  the  point  mutations 
been  homozygous  can  thus  be  observed.  Moreover,  structural  studies  of  the  ATM  protein  using 
atomic  force  microscopy  (Smith  et  al.  1999)  suggest  that  the  ATM  protein  exists  in  more  than 
one  conformational  state,  in  particular,  a  tetrameric  conformation  thus  lending  itself  to  the 


concept  of  intragenic  complementation. 


*  In  conclusion,  we  report  the  discovery  of  a  person  possessing  two  mutated  copies  of  the  ATM 
gene  but  not  demonstrating  classical  AT  symptoms.  The  clinical  characteristics  of  this  individual 
are  consistent  with  the  hypothesis  that  truncating  mutations  in  ATM  result  in  AT,  whereas 
missense  mutations  are  associated  with  increased  cancer  susceptibility  and  complications  from 
radiotherapy.  Functional  assays  of  a  lymphoblastoid  cell  line  derived  from  this  person  are 
planned  to  further  elucidate  the  impact  of  these  mutations  on  the  activity  of  the  ATM  protein 
produced  by  this  individual. 
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Figure  Legend 


Figure.  1.  (A)  The  DHPLC  chromatogram  and  sequencing  profiles  for  the  exon  30  and  exon  31 
PCR  products.  F  designates  the  forward  sequence  and  R  is  the  confirmatory  reverse  sequence 
(reverse  compliment  of  the  forward  sequence).  The  arrows  indicate  the  nucleotide  in  the  forward 
sequence  that  is  mutated  in  each  exon.  The  double  nucleotide  band  presented  in  the  mutated 
DNA  appears  as  a  double  peak  and  the  nucleotides  present  on  each  chromosomal  copy  of  the 
gene  are  indicated  below  the  N  in  each  case.  (B)  Sequencing  chromatograms  for  the  region 
surrounding  the  C->T  transition  in  exon  30  and  the  A->G  transition  in  exon  31  of  the  mut-1  and 
mut-2  plasmids,  respectively,  as  well  as  WT  (wild  type)  DNA. 
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ABSTRACT 

Purpose:  Mutation  of  the  ATM  gene  may  be  associated  with  enhanced 
radiosensitivity  and  increased  radiation-induced  morbidity.  Denaturing  high 
performance  liquid  chromatography  (DHPLC)  is  a  powerful  new  technique 
proven  to  be  sensitive  and  accurate  in  the  detection  of  missense  mutations  as 
well  as  small  deletions  and  insertions.  We  screened  female  breast  cancer 
patients  for  evidence  of  ATM  gene  alterations  using  DHPLC.  This  study 
attempts  to  determine  whether  breast  cancer  patients  who  develop  severe 
radiotherapy-induced  effects  are  more  likely  to  possess  ATM  mutations 
compared  with  patients  who  display  normal  radiation  responses. 

Methods:  46  patients  with  early  stage  breast  carcinoma  underwent  limited 
surgery  and  adjuvant  radiation  therapy.  DNA  was  isolated  from  blood 
lymphocytes  and  each  exon  of  the  ATM  gene  was  amplified  using  PCR.  Genetic 
variants  were  identified  using  DHPLC  by  comparing  test  patterns  with  a  known 
wild-type  pattern.  All  variants  were  subjected  to  DNA  sequencing  and  compared 
with  wild-type  sequences  for  evidence  of  a  mutation.  A  retrospective  review  was 
performed  and  the  RTOG/EORTC  acute  and  late  morbidity  scoring  schemes  for 
skin  and  subcutaneous  normal  tissues  were  applied  to  quantify  radiation-induced 
effects. 

Results:  9  ATM  mutations  were  identified  in  6  patients  (8  novel  and  1  rare).  The 
median  follow-up  was  3.2  years  (range:  1.3-10.3  years).  A  significant  correlation 
between  ATM  mutation  status  and  the  devlopment  of  grade  3-4  subcutaneous 
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late  effects  was  found.  100%  (3/3)  of  patients  that  manifested  grade  3-4 
subcutaneous  late  sequelae  possessed  ATM  mutations  whereas  only  7%  (3/43) 
of  patients  who  did  not  develop  this  form  of  severe  toxicity  harbored  an  ATM 
mutation  (p<0.001).  One  ATM  mutation  carrier  developed  grade  4  soft  tissue 
necrosis  after  radiation  therapy  and  required  hyperbaric  oxygen.  All  3  patients 
manifesting  grade  3-4  late  subcutaneous  responses  in  fact  harbored  tw ©>  ATM 
mutations.  In  contrast,  none  of  the  three  ATM  carriers  that  had  a  single  mutation 
developed  a  severe  subcutaneous  reaction.  ATM  mutation  status  did  not  predict 
for  a  significant  increase  in  early  effects.  17%  (4/23)  of  patients  with  grade  2-3 
moist  desquamation  had  an  ATM  mutation  compared  with  9%  (2/23)  of  patients 
without  desquamation  (p=0.4). 

Conclusions:  Possession,  particularly  of  two  ATM  mutations,  is  predicitve  of  an 
increase  in  subcutaneous  late  tissue  effects  following  radiation  therapy  for  breast 
cancer  and  may  prove  to  be  a  relative  contraindication  to  standard  management. 
These  patients  could  be  better  served  with  reduced  doses  of  radiation. 
Equivalent  local  control  remains  to  be  tested  but  this  germline  alteration  may 
radiosensitize  both  tumor  and  normal  tissues.  DHPLC  is  effective  in  the 
identification  of  these  patients.  A  larger  study  is  required  to  confirm  these 
findings. 

Key  words:  ATM  gene;  Radiation  sensitivity;  DHPLC;  Breast  Cancer 
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INTRODUCTION 

Ataxia  telangiectasia  (AT)  is  a  rare  autosomal  recessive  disorder  that 
results  from  mutations  in  both  copies  of  the  ATM  gene.  This  disorder  was  first 
described  almost  fifty  years«ago*and-  is  characterized  by  a  pleiotropic  phenotype  * 

and  multiple  organ  system  involvement  (1).  Cerebellar  degeneration,  ocular 
telangiectasias,  immunodeficiency,  and  enhanced  sensitivity  to  ionizing  radiation 
are  typical  manifestations  (2).  Devastating  radiation  responses  in  these  patients 
have  also  been  known  for  decades  (3).  A  single  mutated  copy  of  the  ATM  gene 
(ATM  heterozygosity)  occurs  in  approximately  1%  of  the  general  population  (4). 

These  individuals  do  not  express  the  classic  symptomatology  of  ataxia- 
telangiectasia  but  may  be  at  an  increased  risk  for  carcinogenesis  and 
radiosensitivity  due  to  differences  in  ATM  protein  function  or  transcription  levels 
(5-7).  It  has  also  been  postulated  that  this  ATM  heterozygous  state  is  more 
common  in  breast  cancer  patients  compared  to  that  of  the  general  population 
(8,9). 

The  ATM  gene  product  has  been  the  subject  of  intensive  investigation  and 
appears  to  act  as  a  central  component  in  cell  cycle  regulation  and  genomic 
stability.  It  is  located  primarily  in  the  nucleus  of  dividing  cells  (10)  and  displays 
protein  kinase  activity  in  response  to  double  strand  DNA  damage  (11-13).  The 
downstream  effects  of  ATM  are  critical  to  the  genetic  integrity  of  the  cell.  This 
phosphorylation  activity  has  been  well  characterized  at  the  G1/S  checkpoint  and 
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phosphorylation  of  p53  by  ATM  is  a  necessary  step  in  cell  cycle  arrest  in 
response  to  genomic  damage.  There  is  evidence  that  the  ATM  protein  is  also 
involved  at  the  other  cell  cycle  regulation  points  (14-16).  Cells  lacking  the  ability 
for  proper  genomic  surveillance  and  DNA  double  strand  damage  repair  are  at 
risk  for  mutagenesis  and  enhanced  radiation  responses  (17,18). 

The  hypothesis,  that  cells  with  an  ATM  mutation  exhibit,  enhanced 
radiosensitivity  has  been  demonstrated  on  a  cellular  level  (6,7).  Studies  have 
examined  cell  lines  from  normal  patients,  ATM  heterozygotes,  and  AT  patients 
and  the  Do  values  for  ATM  heterozygotes  falls  between  that  of  patients  with  a 
normal  genotype  and  those  with  AT  (6,19).  It  is  predicted  that  this  inherent 
radiosensitivity  would  result  in  enhanced  normal  tissue  damage  after  a  course  of 
radiation  therapy.  In  vivo  studies  in  female  breast  cancer  patients  have  failed  to 
correlate  ATM  mutation  status  to  enhanced  normal  tissue  damage  (20-24). 
However,  these  studies  have  relied  on  the  protein  truncation  (PTT)  assay  that 
will  only  detect  genetic  alterations  that  result  in  protein  truncation.  Mutations  that 
result  in  early  termination  of  the  ATM  gene  product  are  characteristic  of  both 
allelic  products  in  the  disorder  AT  but  it  has  been  hypothesized  that  misense 
mutations  resulting  in  amino  acid  substitutions  rather  than  protein  truncation  are 
more  prevalent  in  ATM  heterozygous  breast  cancer  patients  (25-27). 

Denaturing  high  performance  liquid  chromatography  (DHPLC)  is  a  robust 
technique  that  can  be  used  to  screen  any  gene  in  a  large  population  for  single 
nucleotide  substitutions  (28-36).  This  mutation  detection  method  has  proven  to 
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be  highly  sensitive  and  specific  and  will  allow  for  identification  of  the  misense 
mutations  that  appear  to  be  most  prevalent  in  ATM  carriers  (9). 

This  study  involves  the  screening  of  a  group  of  female  breast  cancer 
patients  following  breast  conservation  management  and  attempts  to  correlate 
ATM  germline  mutation  status  with  acute  and/or  late  radiation  normal  tissue 
effects  using  DHPLC  technology^ 
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METHODS 

Patients 

Peripheral  venous  blood  samples  were  collected  from  46  female  patients 
with  AJCC  (37)  stage  0-11  breast  carcinoma  who  underwent  limited  surgery  and 
adjuvant  radiation  therapy  between  1992  and  1997.  Nine  patients  also  received 
adjuvant  sequential  chemotherapy.  Patient  ■  demographics  and  tumor 
characteristics  are  presented  in  Table  1.  Radiation  therapy  was  delivered  with  6 
MV  photons  using  either  opposed  tangential  portals  alone  or  3  fields  that 
included  an  additional  supraclavicular  portal  if  there  were  positive  axillary  lymph 
nodes.  Whole  breast  doses  ranged  from  4500-5040cGy  and  the  majority  (85%) 
of  patients  received  an  electron  boost  to  the  surgical  bed.  Electron  energy  was 
typically  12MeV  and  prescribed  to  the  85%  isodose  line.  The  boost  was 
designed  to  bring  the  total  dose  to  above  6000cGy.  Wedges  were  used  to 
increase  dose  homogeneity.  2D  plans  were  constructed  and  dose  inhomogeneity 
was  kept  below  1 0%  for  the  majority  of  cases. 

All  62  coding  exons  for  the  ATM  gene  were  screened  for  a  germline 
mutation  using  DHPLC.  A  retrospective  chart  review  was  performed  and 
morbidity  data  was  collected.  Acute  and  late  skin  and  subcutaneous  tissue 
reactions  were  graded  according  to  RTOG/EORTC  morbidity  criteria  (38)  (Table 
2). 

The  nature  of  the  project  was  discussed  with  each  patient  and  informed 
consent  was  obtained  prior  to  obtaining  each  blood  sample  as  per  IRB  protocol 
guidelines. 
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DNA  Isolation 

Lymphocytes  were  isolated  by  Ficol  separation.  1.5  ml  Ficol  was  added  to 
3  ml  of  blood  and  centrifuged  at  12000  rpm  for  20  min  at  room  temperature.  The 
lymphocytes  layer  was  collected,  washed  with  10  ml  PBS  and  centrifuged  for  10 
min,  room  temperaturef  at- 12,000  rpm. 

To  isolate  DNA  from  the  lymphocytes,  1  ml  DNA  STAT-60  (Tel-Test, 
Friendswood,  TX)  was  added  to  whole  blood,  followed  by  addition  of  200  pi  of 
chloroform  and  centrifuged  at  4°C  for  15  min  at  12,000  rpm.  The  aqueous  layer 
was  transferred  to  a  fresh  1.5  ml  tube  and  the  extraction  procedure  repeated. 
Following  an  additional  chloroform  extraction,  500  pi  of  isopropanol  was  added  to 
the  supernatant.  The  tube  was  held  at  -20°C  overnight  and  centrifuged  10  min  at 
4°C.  The  supernatant  was  removed  and  the  pellet  washed  with  200  pi  of  70% 
ethanol.  After  centrifugation  at  4°C,  12,000  rpm,  for  8  min,  the  supernatant  was 
removed  and  the  ethanol  wash/precipitation  was  repeated.  The  supernatant  was 
removed,  the  pellet  air-dried  and  150  pi  H20  and  1.5  pi  TE  buffer  was  added. 

PCR 

50  pi  PCR  reactions  were  performed  to  amplify  each  of  the  62  ATM  exons 
that  comprise  the  coding  region  of  the  ATM  gene  using  primers  previously 
described  (39).  Each  PCR  reaction  contained  100  ng  of  genomic  DNA,  200  pM 
of  each  dNTP,  250  nM  primers,  2.5  U  HotStarTaq  DNA  polymerase  (Qiagen, 
Valencia,  CA)  in  Qiagen  10X  buffer  diluted  to  IX.  RNase  free  water  was  then 
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added  to  a  total  volume  of  50  pi.  The  PCR  reactions  were  performed  in  a  Perkin 
Elmer  (Nonwalk,  CT)  9700  ThermalCycler  with  the  following  settings:  94°C  for  10 
min,  followed  by  35  cycles  of  30  sec  at  94°C,  1  min  at  49-59°C  (depending  on 
the  amplicon),  1  min  at  72°C,  and  one  cycle  for  7  min  at  72°C.  The  PCR  product 
were  denatured  for  5  min  at  95°C  and  then  slowly  cooled  to  permit  re-annealing 
and  formation  of  homoduplexes  and  heterodupfexes.  The  PCR  products  were 
then  stored  at  4°C  until  DHPLC  analysis. 

DHPLC  Analysis 

DHPLC  analysis  was  performed  on  a  WAVE  Nucleic  Acid  Fragment 
Analysis  System  (Transgenomic,  Omaha,  NE)  using  buffer  gradient  and 
temperature  conditions  calculated  using  WAVEmaker  software,  (Version  3.3, 
Transgenomic)  designed  specifically  for  this  purpose.  An  example  of  a  wild-type 
and  corresponding  mutant  chromatogram  and  base  pattern  alteration  is 
illustrated  in  Figure  1 . 

For  DNA  samples  displaying  aberrant  DHPLC  chromatograms,  the  PCR 
was  repeated  using  the  same  DNA  and  the  forward  and  reverse  DNA  sequences 
of  these  PCR  products  was  determined  using  an  ABI  PRISM  377  DNA 
Sequencer  (Foster  City,  CA).  The  primers  used  for  sequencing  were  the  forward 
and  reverse  PCR  primers. 
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Statistical  Analysis 

Differences  in  proportions  were  derived  using  the  Pearson  chi  square 
model  (40). 
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RESULTS 

6  patients  were  found  to  have  8  novel  ATM  misense  mutations  and  1  rare 
ATM  genetic  variant.  The  specific  location  of  these  genetic  alterations  and  their 
associated  amino  acid  substitutions  are  listed  in  Table  3.  The  misense 
mutations  were  classified  as  non-conservative,  conservative,  or  synonymous 
depending  upon  the  type  of  amina  acid  substitution.  3  patients  contained  more  - 
than  one  novel  or  rare  mutation. 

The  median  follow  up  was  3.2  years  (range:  1.3  -  10.3  years).  All 
patients  were  found  to  have  experienced  at  least  a  grade  1  acute  skin  reaction. 

23  patients  displayed  RTOG/EORTC  grade  2/3  patchy  and/or  confluent  moist 
desquamation.  17  patients  (37%)  experienced  a  grade  1-4  late  effect  and  13 
(28%)  patients  were  found  to  have  grade  2-4  late  effects.  Grade  1  late  effects 
was  not  considered  in  the  analysis  as  the  descriptive  criteria  are  minimal  and 
subject  to  increased  variability.  The  clinical  descriptions  of  the  1 3  patients  with 
significant  late  effects  (grade  2-4)  are  shown  in  Table  4.  7  patients  were  found 
to  have  cutaneous  telangiectasias.  4  were  at  the  scar  only.  5  patients 
experienced  significant  persistent  hyperpigmentation  and  underlying  fibrosis. 
One  patient  developed  persistent  breast  pain  and  required  a  modified  radical 
mastectomy  for  pain  relief  and  developed  subsequent  soft  tissue  necrosis  one 
year  after  radiation  therapy. 


Remarkably,  all  3  patients  (100%)  who  developed  a  grade  3-4 
subcutaneous  late  effect,  possessed  ATM  mutations.  Of  additional  importance  is 
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that  each  of  these  patients  actually  was  found  to  harbor  two  ATM  mutations.  In 
contrast,  only  7%  (3/43)  of  patients  who  did  not  develop  a  grade  3-4 
subcutaneous  late  response  were  found  to  be  ATM  carriers  and  in  all  of  these 
cases  only  one  mutation  was  detected. 

ATM  heterozygosity  did  not  predict  for  a  significant  increase  in  acute 
effects.  4/23  (17%)  patients  with  grade  2/3  moist  desquamation  had  a  mutation 
compared  to  2/23  (9%)  patients  without  evidence  of  acute  morbidity  (p=0.04) 

The  effects  of  moist  desquamation,  diabetes,  tobacco  use  (smoker  vs 
non-smoker),  use  of  chemotherapy,  total  dose,  and  use  of  an  electron  boost 
were  examined  separately  in  relation  to  late  effects  and  no  independent  variable 
achieved  statistical  significance  (Table  5). 
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DISCUSSION 

It  has  been  hypothesized  that  ATM  heterozygotes  may  exhibit  enhanced 
radiosensitivity  and  be  at  an  increased  risk  for  radiation-induced  normal  tissue 
toxicity.  However,  no  statistically  significant  correlation  between  ATM  mutation 
status  and  normal  tissue  effects  has  been  reported  (20-24).  To  our  knowledge, 
aside  from  case  reports,  this  represents  the  first  study  that  suggests  such*  air 
association  exists  in  the  female  breast  cancer  population. 

Several  studies  have  been  performed  in  an  attempt  to  identify  a 
correlation  between  ATM  heterozygosity  and  radiation-induced  complications  in 
breast  cancer  patients.  Two  of  these  studies  (21,  22)  may  be  discounted 
because  they  used  PTT  for  mutation  detection  which  is  only  capable  of  detecting 
protein  truncation  mutations.  It  appears,  however,  that  the  vast  majority  of 
alterations  identified  in  cancer  patients  are  missense  mutations  which  would 
remain  undetected  by  PTT  (25).  In  a  separate  study  (20),  16  breast  cancer 
patients  with  excessive  normal  tissue  changes  were  screened  and  no  ATM 
mutations  were  detected.  However,  this  study  focused  on  patients  with  acute 
reactions  and  we  have  found  a  correlation  only  with  late  effects. 

Another  project  (23)  screened  11  breast  cancer  patients  (along  with  9 
other  patients  exhibiting  a  variety  of  cancers)  who  developed  RTOG  grade  level 
3/4  complications  and  also  found  no  ATM  mutations.  A  plausible  explanation  for 
the  negative  findings  of  this  study  is  that  all  of  the  grade  3/4  level  complications 
in  the  breast  cancer  patients  were  either  acute  or  skin  reactions.  None  were 
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grade  3/4  level  subcutaneous  responses  that  we  have  found  to  correlate  with 
ATM  mutations.  Weisberg  et  al.  (24)  obtained  the  medical  records  for  breast 
cancer  patients  treated  with  radiotherapy  who  were  blood  relatives  of  AT  patients 
and  known  to  be  carriers  of  an  ATM  mutation  either  through  genetic  marker 
analysis  or  having  a  child  with  AT.  Eight  of  these  patients  exhibited  an  RTOG 
grade  2  acute  response  and  two  developed  a  grade  2  late  reaction.  However, 
this  study  is  limited  due  to  its  small  sample  size  and  potential  inaccuracies  as 
questionnaires  to  the  treating  physicians  or  there  successors  were  used  at  least 
in  part  to  ascertain  the  nature  of  the  radiation  reactions  rather  than  direct 
observation  by  the  physician. 

In  contrast,  Varghese  et  al.  published  a  case  report  (19)  of  a  patient  who 
experienced  severe  skin  and  subcutaneous  tissue  late  effects  following 
conventional  radiation  therapy  in  the  adjuvant  setting  for  breast  cancer.  This 
patient  was  found  to  be  an  ATM  heterozygote.  Cellular  assays  demonstrated  that 
cells  from  this  patient  had  a  radiosensitivity  between  the  values  for  normal  cells 
and  those  from  patients  with  AT.  Hall  et  al.  (41)  recently  documented  enhanced 
radiosensitivity  in  prostate  cancer  patients  found  to  have  excessive  morbidity 
after  external  beam  radiation  therapy.  Specifically,  18%  of  patients  with  a  late 
effect  possessed  an  ATM  mutation  compared  to  no  mutations  in  their  matched 
controls. 

The  mutation  screening  technique  used  in  this  study  was  denaturing  high 
performance  liquid  chromatography  (DHPLC).  DHPLC  is  a  robust  technique  that 
can  be  used  to  screen  any  gene  in  a  large  population  for  single  nucleotide 
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substitutions,  as  well  as  small  deletions  and  insertions  (28-36).  DNA  sequence 
alterations  can  be  detected  in  DNA  fragments  by  fractionation  of  heteroduplexes 
on  ion-pair  reverse-phase  columns.  The  advantage  of  DHPLC  is  that  it  enables 
the  rapid,  sensitive  and  accurate  identification  of  polymorphisms  and  mutations 
in  an  automated  fashion.  Although  this  is  a  relatively  new  technique,  it  has 
already  been?  used  to  screen  a  variety  of  genes.  Of  greatest  importance  lot  this 
study  was  the  evidence  that  DHPLC  possessed  a  sensitivity  and  specificity  for 
mutation  detection  approaching  100%  and  that  this  approach  possessed  greater 
sensitivity  than  gel-based  assays  (28-36). 

It  is  interesting  to  note  that  all  4  of  the  ATM  mutations  detected  in  patients 
exhibiting  RTOG/EORTC  grade  2-4  late  responses  were  subcutaneous  late 
normal  tissue  changes.  There  were  no  mutations  in  the  patients  with  late 
cutaneous  telangiectasias.  The  majority  of  the  telangiectasias  were  only  at  the 
site  of  the  surgical  excision  and  were  absent  from  the  remaining  breast  surface. 
More  importantly,  6/7  of  these  patients  experienced  patchy  and/or  moist 
desquamation  that  may  account  for  subsequent  development  of  telangiectasias. 
ATM  mutations  may  render  the  subcutaneous  tissues  vulnerable  to  fibrotic 
changes  as  a  result  of  inadequate  repair  in  response  to  radiation  therapy  and 
loss  of  cellular  integrity.  There  was  only  one  case  of  a  grade  4  reaction  manifest 
by  soft  tissue  necrosis  and,  of  importance,  this  patient  had  two  novel  genetic 
alterations.  She  required  hyperbaric  oxygen  therapy  to  which  she  responded  with 
adequate  wound  healing. 
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It  might  be  suggested  that  only  the  non-conservative  missense  mutations 
detected  in  this  study  be  included  in  the  data  analysis  as  it  could  be  postulated 
that  only  this  class  of  missense  mutation,  which  causes  a  significant  change  in 
the  amino  acid  encoded  by  the  ATM  gene,  would  be  of  importance.  Although  this 
may  true  in  many  instances,  not  all  substitutions  have  pathologic  significance 
and  may  depend  upon  the  location  of  the-  alteration  within  the  protein  and 
whether  it  affects  important  functional  domains  (42,43).  Conversely,  it  might  be 
assumed  that  non-conservative  and  synonymous  mutations  would  have  little  or 
no  impact  upon  protein  function.  However,  this  assumption  may  prove  incorrect 
as  some  of  these  genetic  alterations  cause  critical  changes  in  protein  function 
such  as  by  inducing  exon  skipping  (44,45).  Additionally,  the  genetic  alteration  of 
greatest  importance  may  be  the  presence  of  two  ATM  mutations,  particularly  if 
they  are  on  opposite  chromosomes.  In  these  cases,  as  seen  for  patients 
manifesting  grade  3-4  subcutaneous  late  responses,  the  two  mutations  may 
cause  a  mild  enough  change  in  the  ATM  protein  so  that  the  patient  does  not 
develop  the  disorder  AT.  However,  the  protein  changes  may  be  of  sufficient 
importance,  particularly  if  there  are  alterations  in  both  ATM  copies,  that  the 
patient  will  be  more  susceptible  for  the  development  of  severe  late  sequelae. 
Therefore,  the  best  way  to  examine  whether  a  particular  mutation  or  set  of 
mutations  affect  protein  activity  is  to  perform  functional  assays.  Such 
experiments  are  planned  for  future  studies  with  cell  lines  derived  from  these 
patients  as  the  scope  of  this  work  is  beyond  the  current  study.  Hence,  for  the 
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purpose  of  this  report,  all  missense  mutations  have  been  included  in  the 
analysis. 

This  study  is  too  small  to  serve  as  the  basis  for  therapeutic 
recommendations.  However,  our  finding  that  100%  of  breast  cancer  patients 
developed  grade  3-4  level  subcutaneous  late  responses  following  radiotherapy  is 
of  sufficient  importance  to  necessitate  a  larger,  more  definitive  study.  If  an 
expanded  project  confirms  these  findings,  then  breast  cancer  patients  found  to 
be  carriers  of  ATM  mutations  may  be  better  served  with  primary  surgical 
resection  rather  than  breast  conservation  management  as  late  RTOG/EORTC 
grade  3-4  morbidity  can  lead  to  poor  cosmesis  and  patient  discomfort. 
Alternatively,  these  patients  may  be  ideal  candidates  for  dose  reduction  trials  as 
ATM  germline  mutations  should  be  present  in  both  normal  tissue  and  tumor 
cells,  thus  providing  local  control  rates  at  reduced  doses.  DHPLC  screening  may 
be  appropriate  for  newly  diagnosed  breast  cancer  patients  to  identify  this 
potentially  radiosensitive  cohort,  but  it  is  premature  to  suggest  implementation  of 
ATM  screening  at  the  present  time. 

CONCLUSION 

ATM  heterozygosity  in  the  female  breast  cancer  population  predicts  for  an 
increase  in  subcutaneous  tissue  effects  following  radiation  therapy.  DHPLC  is 
effective  for  the  identification  of  this  radiosensitive  cohort.  These  results  suggest 
that  ATM  heterozygosity  may  be  a  relative  contraindication  to  breast 
conservation  management  using  conventional  doses.  Alternatively,  germline 
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ATM  mutation  carriers  may  prove  to  be  ideal  candidates  for  radiation  dose 
reduction  trials.  A  larger  study  is  required  to  confirm  these  findings. 
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Table  1.  Breast  Cancer  Patient  Demographics  and  Tumor  Properties 


Patient  demographics/ 

#  of  patients 

% 

Tumor  characteristics 

Age  (years): 


Under  40 

2 

4 

40-59 

16 

35 

60-80 

30 

61 

Ethnicity: 

Caucasian 

22 

48 

Hispanic 

18 

39 

Black 

5 

11 

Asian 

1 

2 

Menopausal  status: 

Pre 

15 

33 

Post 

31 

67 

AJCC  Stage: 

DCIS 

5 

11 

I 

29 

63 

II 

12 

26 

Histology: 

DCIS 

5 

11 

Invasive  Ductal 

38 

83 

Invasive  Lobular 

3 

6 

Diabetes: 

Yes 

5 

ii 

No 

41 

89 

History  of  smoking: 

Yes 

16 

35 

No 

30 

65 
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Table  2:  RTOG/EORTC  Acute  and  Late  Morbidity  Schema 


Grade 

Acute  Skin  Criteria 

i 

Faint  or  dull  erythema/epilation/dry  desquamation/decreased  sweating 

2 

Tender  or  bright  erythema/patchy  moist  desquamation/moderate  edema 

3 

Confluent  moist  desquamation  other  than  skin  folds/pitting  edema 

4 

Ulceration/  hemorrhage/necrosis 

Grade 

Late  Skin  Criteria 

Late  Subcutaneous  Tissue 
Criteria 

1 

Slight  atrophy/pigmentation  change/some  hair  loss 

Slight  induration  (fibrosis)  and 
loss  of  subcutaneous  fat 

2 

Patch  atrophy/moderate  telangiectasia/total  hair  loss 

Moderate  fibrosis  but 
asymptomatic/slight  field 
contracture/  <10%  linear 
reduction 

3 

Marked  atrophy/gross  telangiectasia 

Severe  induration  and  loss  of 
subcutaneous  tissue/field 
contracture  >  10%  linear 
measurement 

4 

Ulceration 

Necrosis 

5 

A  1  1 

Death 

Death 

*  Adapted  from  Cox  et  al.  IJROBP  31(5)1341-1346,  1995. 
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Table  3.  Mutations  and  Polymorphisms  Identified  in  Breast  Cancer  Patients  Using  DHPLC 


Non-conservative  Missense 

Patient 

Number 

Location 

Exon 

Codon 

Number 

Amino 

Acid 

Change 

30 

2119T-»C 

15 

707 

ser-^pro 

45 

4138C-»T 

30 

1380 

his->tyr 

45 

4400 A^G 

31 

1467 

ESEStlRI 

49 

2362A->C 

17 

788 

ser->arg 

Conservative  Missense 

Patient 

Number 

Location 

Exon 

Codon 

Number 

Amino 

Acid 

Change 

34 

7397C-»T 

52 

2466 

ala->val 

49 

6088A-»G 

43 

2030 

ile->val 

Synonymous 

Patient 

Number 

Location 

Exon 

Codon 

Number 

Amino 

Acid 

Change 

12 

5793T->C 

41 

1931 

aia->ala 

21 

1176C-»G 

11 

392 

giy^giy 

34 

735C->T 

9 

245 

val-^val 
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Table  4.  Thirteen  Patients  with  RTOG/EORTC  Grade  2-4  Late  Normal  Tissue  Effects 


Patient  # 

ATM  Mutation 

Acute  Skin  Reaction* 

Late  Skin/Subcutaneous  Tissue  Reaction 

21 

+ 

grade  2  patchy  MD 

grade  2  fibrosis 

45 

+ 

grade  1  erythema 

grade  3  fibrosis 

49 

+ 

grade  2  patchy  MD 

grade  3  fibrosis 

34 

+ 

grade  3  confluent  MD 

grade  4  soft  tissue  necrosis 

5 

- 

grade  2  patchy  MD 

grade  2  telangiectasia  at  scar 

7 

- 

grade  1  erythema 

grade  2  telangiectasia  at  scar 

23 

- 

grade  3  confluent  MD 

grade  2  diffuse  telangiectasias 

46 

- 

grade  2  patchy  MD 

grade  2  telangiectasia  at  scar 

40 

grade  3  confluent  MD 

grade  3  diffuse  telangiectasias 

11 

- 

grade  2  patchy  MD 

grade  2  telangiectasia  at  scar 

39 

grade  1  erythema 

grade  2  fibrosis 

13 

- 

grade  2  patchy  MD 

grade  2  fibrosis 

25 

- 

grade  3  confluent  MD 

grade  3  diffuse  telangiectasias 

*MD=moist  desquamation 
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Table  5.  Univariate  Analysis  of  variables  that  may  predict  for  RTOG/EORTC  Grade  2-4  Late 
Effects 


p  value  *1 


P/ariable 


Total  dose 


>50  Gy 

0.4 

>60  Gy 

0.4 

Diabetes 

•  mwO.Qfk 

Smoking 

0.3 

Chemotherapy 

0.7 

Electron  boost 

0.9 

Acute  effects  (grade  2/3) 

0.3 

ATM  mutation 

0.02 

*Pearson  chi  square  model 
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FIGURE  LEGEND 

Figure  1 .  A  representative  example  of  a  wild-type  pattern  and  a  genetic  variant 
DHPLC  chromatogram.  The  double  peak  is  indicative  of  a  change  in  the  base 
pair  sequence  and  subsequent  amino  acid  substitution. 
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All  62  coding  exons  of  the  ATM  gene,  along  with  10-20  bases  of  the  intronic 
region  flanking  each  exon,  were  screened  for  DNA  base  sequence  alterations  using 
denaturing  high  performance  liquid  chromatography  (DHPLC)  in  a  series  of  52 
breast  cancer  patients.  Six  (12%)  of  these  patients  exhibited  a  total  of  8  different 
novel  germline  mutations  that  do  not  represent  common  polymorphisms.  Of  these, 
3  patients  possessed  4  nonconservative  missense  mutations  while  2  conservative 
missense  and  2  synonymous  mutations  were  detected  in  the  other  3  patients.  In 
addition,  43  patients  were  found  to  have  a  total  of  141  DNA  sequence  variations 
representing  21  different  common  polymorphisms  and  rare  variants.  An  analysis  of 
the  relationship  between  the  presence  of  a  novel  A  TM  mutation  and  either  patient 
demographics  or  tumor  properties  demonstrated  a  significant  difference  between 
African  Americans  (3/7  =  43%)  and  other  ethnic  groups  (3/45  =  7%,  p  =  0.026). 

None  of  the  other  characteristics  examined  was  found  to  be  related  to  mutation 
status. 

Key  words:  African  American;  ATM-,  breast  cancer;  DHPLC;  mutations; 
polymorphisms 
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INTRODUCTION 


ATM  is  the  gene  whose  mutation  results  in  the  disease  ataxia  telangiectasia 
(AT).  This  is  an  autosomal  recessive  disease  first  described  by  Syllaba  and  Henner 
[1926]  and  characterized  by  a  pleiotropic  phenotype  encompassing  multiple  organ 
systems.  Classically,  the  disorder  is  associated  with  progressive  cerebellar 
degeneration,  immunodeficiency,  oculotaneous  telangiectasia,  and  increased 
sensitivity  to  ionizing  radiation  [Sedgwick  and  Boder,  1991].  The  gene  for  this 
disease  is  located  on  chromosome  11q22-23  [Gatti  et  al.,  1988;  Lange  et  al., 
1995]  and  was  cloned  and  sequenced  by  Savitsky  et  al.  [1995].  It  is  157  kbp  and 
contains  66  coding  exons  with  the  start  and  stop  codons  located  within  exons  4 
and  65,  respectively.  The  ATM  protein  is  approximately  370  kDa  in  size  [Chen  and 
Lee,  1 996]  and  is  a  member  of  the  phosphatidylinositol  3  kinase  superfamily 
[Savitsky  et  al.,  1995].  However,  evidence  has  been  obtained  indicating  that  it 
functions  primarily  as  a  protein  kinase  [Brunn  et  al.,  1996;  Banin  et  al.,  1998; 
Canman  et  al.,  1998;  Sarkaria  et  al.,  1998]. 

The  ATM  gene  product  has  been  the  subject  of  intensive  investigation  and 
appears  to  play  a  central  role  in  cell  cycle  regulation  and  genomic,  stability.  It  is 
primarily  located  within  the  nucleus  of  dividing  cells  [Watters  et  al.,  1997]  and 
displays  increased  phosphorylation  activity  of  effector  substrates  in  response  to 
double  strand  DNA  damage  that  will  delay  the  cell  cycle  at  critical  checkpoints  to 
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allow  for  DNA  repair  prior  to  replication.  These  downstream  effects  are  critical  to 
the  genetic  integrity  of  the  cell.  The  G1/S  checkpoint  has  been  well  characterized 
and  phosphorylation  of  p53  [Banin  et  al.f  1998;  Canman  et  al.,  1998]  by  ATM  is  a 
necessary  step  towards  cell  cycle  arrest  in  response  to  a  DNA  insult.  There  is  also 
mounting  evidence  that  ATM  plays  a  role  in  other  cell  cycle  checkpoints  [reviewed 
by  Khanna,  2000].  S  phase  regulation  appears  to  be  mediated  through  ATM 
phosphorylation  of  the  RPA  protein  [Gately  et  al.,  1998]  and  the  G2/M  checkpoint 
is  controlled,  at  least  in  part,  through  phosphorylation  of  Chkl  [reviewed  by  Lavin, 
1999;  Martinho  et  al.,  1998]  and  Chk2  [Matsuoka  et  al.,  2000].  Other  important 
substrates  for  this  kinase  include  the  early  response  gene  products  c-Abl  [Shafman 
et  al.,  1997;  Kharbanda  et  al.,  1996]  and  NF-kB,  [Lee  et  al.,  1998;  Piret  et  al., 
1999;  Li  et  al.  2000]  as  well  as  BRCA1  [Gatei  et  al.,  2000;  Cortez  et  al.,  1999]  all 
of  which  are  involved  in  DNA  surveillance  and  repair  (both  homologous  and  non- 
homologous)  processes  [Morrison  et  al.,  2000;  Kanaar  et  al.,  1998].  Cells  lacking 
such  activity  have  demonstrated  a  predilection  towards  increased  mutagenesis  and 
chromosomal  aberrations. 

Symptoms  of  the  disease  AT  are  manifested  only  for  individuals  possessing 
two  mutated  copies  of  the  ATM  gene.  The  majority  of  ATM  mutations  detected  in 
AT  patients  are  truncating  mutations  [Gilad  et  al.,  1996;  Concannon  and  Gatti 
1997;  Telatar  et  al.,  1998].  Although  AT  is  a  relatively  rare  disease  with  an 
incidence  of  approximately  1/100,000  [Swift  et  al.  1986;  Woods  et  al.  1990],  it 


4 


has  been  estimated  that  about  1  %  of  the  population  are  carriers  of  a  single  mutated 
copy  of  the  gene  [Swift  et  al.,  1986].  ATM  heterozygosity  does  not  cause  the 
disease,  but  it  has  been  hypothesized  that  ATM  carriers  possessing  missense 
mutations  are  more  susceptible  to  various  forms  of  cancer  [Gatti  et  al.,  1999], 

A  series  of  studies  has  been  performed  to  determine  whether  the  percentage 
of  ATM  carriers  in  groups  of  patients  with  several  different  forms  of  cancer  is 
greater  than  the  1%  of  the  general  population  estimated  to  be  ATM  heterozygotes. 
Conflicting  results  have  been  found  for  breast  cancer  [Athma  et  al.,  1996; 
Vorechovsky  et  al.,  1996a;  Fitzgerald  et  al.,  1997;  Bay  et  al.,  1998;  Izatt  et  al., 
1999;  Broeks  et  al.,  2000;  Kovalev  et  al.,  2000]  while  an  elevated  ATM  mutation 
frequency  has  been  reported  for  mantle  cell  lymphoma  [Schaffner  et  al.,  2000; 
Stilgenbauer  et  al.,  2000],  B-cell  lymphocytic  leukemia  [Stankovic  et  al.,  1999], 
adult  acute  lymphoblastic  leukemia  [Haidar  et  al.,  2000]  and  sporadic  T-cell 
leukemia  [Vorechovsky  et  al.,  1997].  There  are,  however,  significant  limitations  to 
these  studies  in  that  they  were  all  performed  with  less  than  optimal  screening 
technologies.  The  screenings  using  the  protein  truncation  test  (PTT)  [Roest  et  al., 
1993]  were  only  capable  of  identifying  truncating  mutations  that  are  causative  of 
AT.  In  contrast,  missense  mutations  are  apparently  associated  with  cancer 
susceptibility  and  these  mutations  went  undetected  in  the  PTT  work.  In  addition, 
studies  were  performed  using  gel-based  assays  such  as  single-strand  conformation 
polymorphism  (SSCP)  and  denaturing  gradient  gel  electrophoresis  (DGGE)  that  are 
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also  limited  in  their  mutation  detection  capability  [Choy  et  al.,  1999;  Jones  et  al., 
1999;  Wagner  et  al.,  1999a;  Gross  et  al.,  1999,  2000;  Benit  et  al.,  2000]. 

In  contrast,  the  technique  used  for  mutation  detection  in  this  study  was 
DHPLC  [Huber  et  al.,  1993;  Huber  et  al.,  1995;  Kuklin  et  al.,  1997;  Oefner  and 
Underhill,  1998].  DHPLC  is  a  robust  technique  that  can  be  used  to  screen  any  gene 
in  a  large  population  for  single  nucleotide  substitutions,  as  well  as  small  deletions 
and  insertions.  DNA  sequence  alterations  can  be  detected  in  DNA  fragments  by 
fractionation  of  heteroduplexes  on  ion-pair  reverse-phase  columns.  The  advantage 
of  DHPLC  is  that  it  enables  the  rapid,  sensitive  and  accurate  identification  of 
polymorphisms  and  mutations  in  an  automated  fashion.  Although  this  is  a  relatively 
new  technique,  it  has  already  been  used  to  screen  a  variety  of  genes  [Wagner  et 
al.,  1998;  Wagner  et  al.,  1999b;  Yokomizo  et  al.,  1998;  Skopek  et  al.,  1999;  Jin 
et  al.,  1999;  Mai  et  al.,  1998;  Giordano  et  al.,  1999;  Underhill  et  al.,  1997; 
McCallum  et  al.,  2000;  Schriml  et  al.,  2000]. 

Briefly,  the  basis  of  DHPLC  used  for  mutation  detection  is  that  cells 
heterozygous  for  a  DNA  sequence  alteration  have  a  1:1  ratio  of  DNA  possessing 
the  alternate  alleles.  Heating  the  polymerase  chain  reaction  (PCft)  products  to 
single-stranded  form  at  95°C  and  cooling  slowly  to  permit  hybridization  results  in 
the  formation  of  a  mixture  of  heteroduplexes  and  homoduplexes.  DHPLC  analysis  is 
performed  at  a  temperature  sufficient  to  partially  denature  the  DNA  heteroduplexes, 
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which  are  resolved  from  homoduplexes  using  ion-pair  reversed  phase  liquid 
chromatography.  Therefore,  if  a  DNA  sample  does  not  possess  a  base  sequence 
alteration,  only  homoduplexes  will  form  and  only  one  peak  should  appear  on  the 
DHPLC  chromatogram  representing  the  homogenous  nature  of  the  fragment.  A 
sample  that  contains  a  heterozygous  sequence  alteration  will  display  2,  3  or  4 
peaks  reflecting  the  two  homoduplex  and  two  heteroduplex  populations.  Of 
greatest  importance  for  this  project  is  the  evidence  that  DHPLC  possesses  a 
sensitivity  and  specificity  for  mutation  detection  approaching  100%  and  that  this 
approach  is  superior  to  gel-based  assays  [O'Donovan  et  al.,  1998;  Liu  et  al.,  1998; 
Arnold  et  al.,  1999;  Choy  et  al.,  1999;  Jones  et  al.,  1999;  Wagner  et  al.,  1999a; 
Gross  et  al.,  1999,  2000;  Nickerson  et  al.,  2000;  Taniguchi  et  al.,  2000]. 
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MATERIALS  AND  METHODS 


Patients 

Peripheral  venous  blood  samples  (3  ml)  were  obtained  from  a  hospital-based 
series  of  52  unselected  patients  diagnosed  with  primary  breast  cancer  treated  with 
conservative  surgery  and  adjuvant  radiation  therapy  with  or  without  chemotherapy 
between  1 992  and  1 997.  The  nature  of  the  project  was  discussed  with  each 
patient  and  signed  informed  consent  was  obtained  prior  to  obtaining  each  blood 
sample.  Patient  demographics  and  tumor  properties  were  obtained  by  chart  review 
and  are  presented  in  Table  I. 

DNA  Isolation 

Lymphocytes  were  isolated  by  Ficoll-Paque  separation.  1.5  ml  Ficoll-Paque 
was  added  to  3  ml  of  blood  and  centrifuged  at  1 2000  rpm  for  20  min  at  room 
temperature.  The  lymphocytes  layer  was  collected,  washed  with  10  ml  PBS  and 
centrifuged  for  10  min,  room  temperature,  at  12,000  rpm. 

To  isolate  DNA  from  the  lymphocytes,  1  ml  DNA  STAT-60  (Tel-Test, 
Friendswood,  TX)  was  added  to  whole  blood,  followed  by  addition  of  200  pi  of 
chloroform  and  centrifuged  at  4°C  for  15  min  at  12,000  rpm.  The  aqueous  layer 
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was  transferred  to  a  fresh  1 .5  ml  tube  and  the  extraction  procedure  repeated. 
Following  an  additional  chloroform  extraction,  500  pi  of  isopropanol  was  added  to 
the  supernatant.  The  tube  was  held  at  -20°C  overnight  and  centrifuged  10  min  at 
4°C.  The  supernatant  was  removed  and  the  pellet  washed  with  200  pi  of  70% 
ethanol.  After  centrifugation  at  4°C,  12,000  rpm,  for  8  min,  the  supernatant  was 
removed  and  the  ethanol  wash/precipitation  was  repeated.  The  supernatant  was 
removed,  the  pellet  air-dried  and  150  pi  H2O  and  1 .5  pi  TE  buffer  was  added. 

PCR 


50  pi  PCR  reactions  were  performed  to  amplify  each  of  the  62  ATM  exons 
that  comprise  the  translated  portion  of  the  ATM  gene  using  primers  previously 
described  [Teraoka  et  al.  1999].  Each  PCR  reaction  contained  100  ng  of  genomic 
DNA,  200  pM  of  each  dNTP,  250  nM  primers,  2.5  U  HotStarTaq  DNA  polymerase 
(Qiagen,  Valencia,  CA)  in  Qiagen  10X  buffer  diluted  to  IX.  RNase  free  water  was 
then  added  to  a  total  volume  of  50  pi.  The  PCR  reactions  were  performed  in  a 
Perkin  Elmer  (Norwalk,  CT)  9700  ThermalCycler  with  the  following  settings:  94°C 
for  10  min,  followed  by  35  cycles  of  30  sec  at  94°C,  1  min  at  49-59°C  (depending 
on  the  amplicon),  1  min  at  72°C,  and  one  cycle  for  7  min  at  72°C.  The  PCR 
products  were  denatured  for  5  min  at  95°C  and  then  slowly  cooled  to  permit  re¬ 
annealing  and  formation  of  homoduplexes  and  heteroduplexes.  The  PCR  products 
were  stored  at  4°C  until  DHPLC  analysis. 
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PHPLC  Analysis 

DHPLC  analysis  was  performed  on  a  WAVE  Nucleic  Acid  Fragment  Analysis 
System  (Transgenomic,  Omaha,  NE)  using  buffer  gradient  and  temperature 
conditions  calculated  using  WAVEmaker  software,  (Version  3.3,  Transgenomic) 
designed  specifically  for  this  purpose. 

For  DNA  samples  displaying  aberrant  DHPLC  chromatograms,  the  PCR  was 
repeated  and  the  forward  and  reverse  DNA  sequences  of  these  PCR  products 
determined  using  an  ABI  377  DNA  Sequencer  (Foster  City,  CA).  The  primers  used 
for  sequencing  were  the  forward  and  reverse  PCR  primers. 

Statistical  Analysis 

Fisher  s  Exact  Test  was  used  to  examine  the  relationship  between  patient 
demographics  or  tumor  properties  and  the  presence  of  an  ATM  mutation.  P-values 
less  than  0.05  (2-sided  test)  were  considered  significant  [Kendall  and  Stuart,  1979; 
Mehta  and  Patel,  1983].  Ninety-five  percent  confidence  intervals  were  constructed 
using  the  Normal  approximation  to  the  binomial  distribution. 
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RESULTS 


DNA  was  isolated  from  peripheral  lymphocytes  obtained  from  a  series  of  52 
breast  cancer  patients  whose  demographics  and  tumor  properties  are  outlined  in 
Table  I.  Each  of  the  62  translated  ATM  exons,  along  with  10-20  bases  of  the 
adjoining  intron,  was  amplified  for  every  patient  and  screened  using  DHPLC.  The 
PCR  product  was  sequenced  for  every  instance  in  which  an  aberrant  chromatogram 
was  produced.  A  total  of  151  chromatogram  profiles  were  produced  that  differed 
from  the  profiles  obtained  using  wild  type  DNA  as  the  PCR  template. 
Representative  examples  of  aberrant  chromatograms  with  multiple  peaks  are  shown 
in  Fig.  1.  The  forward  and  reverse  sequences  of  the  DNA  regions  of  interest  were 
determined  for  these  patients.  The  sequencing  results  confirmed  that  149  of  the 
151  DNA  fragments  possessed  DNA  alterations  (Table  II)  yielding  a  1%  false 
positive  rate  for  DHPLC  in  this  study. 

It  should  be  noted  that,  theoretically,  only  one  peak  should  be  observed  on 
the  chromatograms  produced  using  wild  type  DNA.  However,  as  can  be  seen  for 
the  two  exons  whose  DHPLC  profiles  are  shown  in  Fig.  1,  secondary  peaks  are 
often  observed.  Presumably,  this  is  due  both  to  primer  length  disparity  and/or  non¬ 
specific  amplification.  However,  this  does  not  detract  from  the  sensitivity  of  the 
assay  as  the  profiles  produced  from  each  sample  not  possessing  a  mutation  are 
nearly  identical.  Hence,  any  sample  possessing  a  DNA  sequence  alteration  can  be 
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identified  as  even  a  slight  deviation  from  the  DHPLC  profile  produced  from  wild 
type  cells  signals  heteroduplex  formation.  This  is  true  even  when  the  change  is 
somewhat  subtle  as  exemplified  for  the  heteroduplexes  containing  the  2362A-*C 
mutation  in  exon  17  (Fig.  1). 

Of  the  1 49  DNA  sequence  alterations  identified,  4  represent  nonconservative 
missense  mutations  and  are  predicted  to  cause  the  substitution  of  one  amino  acid 
by  another  with  a  dissimilar  side  chain  that  could  affect  the  function  of  the  ATM 
protein.  That  is,  the  2119C-^T  would  substitute  a  hydrophobic  in  place  of  a  polar 
amino  acid,  the  4400A->G  would  cause  replacement  of  a  neutral  for  an  acidic 
amino  acid,  the  4138C~^T  results  in  encoding  a  neutral  in  place  of  a  basic  amino 
acid  and  the  2362A->C  would  switch  a  basic  for  a  neutral  acid  amino  acid.  All  4  of 
these  mutations  were  novel  (Table  II).  Two  patients  were  found  to  have 
conservative  missense  mutations,  not  previously  identified  as  common 
polymorphisms,  in  which  the  encoded  amino  acid  would  be  replaced  by  one  that  is 
chemically  similar.  In  addition,  two  women  possessed  novel  synonymous 
mutations  in  which  the  codon  found  in  wild  type  DNA  was  replaced  with  one  that 
encodes  the  same  amino  acid.  The  remaining  DNA  sequence  alterations  all 
represented  common  polymorphisms  and  rare  variants  with  frequencies  found  in 
this  study  consistent  with  other  reports.  None  of  the  intronic  alterations  were 
located  in  splice  site  junctions. 
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With  respect  to  the  patient  demographics  and  tumor  properties  listed  in  Table 
I,  one  ethnic  group  was  found  to  be  significantly  related  to  the  presence  of  an  ATM 
mutation.  3  of  7  (43%)  African  American  patients  (12,  21  and  45)  had  a  novel 
ATM  mutation  compared  with  3  of  45  (7%)  patients  (30,  34  and  49)  in  other 
ethnic  groups  (p  =  0.026). 
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DISCUSSION 


A  series  of  52  breast  cancer  patients  was  screened  for  DNA  sequence 
variations  in  the  ATM  gene.  A  total  of  8  mutations  that  do  not  represent  common 
polymorphisms  were  detected  in  the  coding  regions  of  this  gene  for  6  patients.  Of 
particular  importance,  3  patients,  representing  roughly  6%  of  the  patient  population 
examined,  possessed  nonconservative  missense  mutations.  Using  this  result,  the 
95%  confidence  interval  for  breast  cancer  patients  possessing  nonconservative 
ATM  mutations  was  calculated  to  be  0-12%.  An  additional  3  women  possessed 
either  conservative  missense  or  synonymous  mutations.  Although  it  might  be 
predicted  that  these  would  generally  be  neutral  mutations,  they  could  still  have 
functional  significance.  For  example,  it  has  been  shown  that  even  synonymous 
substitutions  can  cause  substantial  changes  to  encoded  proteins  by  inducing  exon 
skipping  [Liu  et  al.,  1997;  Richard  and  Beckmann,  1995].  In  addition,  it  is 
interesting  to  note  that  no  truncating  mutations  were  detected.  This  finding  is 
consistent  with  the  hypothesis  that  this  type  of  mutation  is  not  associated  with 
cancer  susceptibility.  Hence,  the  results  of  this  study  are  supportive  of  the 
hypothesis  that  the  frequency  of  breast  cancer  patients  possessing  ATM  mutations 
is  greater  than  the  approximately  1  %  of  the  general  population  estimated  to  be 
ATM  carriers.  Despite  the  obvious  limitations  resulting  from  the  relatively  small 
sample  size  of  this  study,  this  report  also  provides  the  first  evidence  that  ATM 
heterozygosity  may  be  associated  with  breast  cancer  susceptibility  for  African 
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American  women  and  so  may  serve  as  the  basis  for  further  investigation  regarding 
A  TM  mutations  among  African  American  breast  cancer  patients. 


Another  important  result  of  this  study  is  the  discovery  of  a  person 
possessing  two  non-conservative  ATM  mutations,  but  manifesting  no  symptoms  of 
the  disease  AT.  To  the  best  of  our  knowledge,  this  75  year-old  woman  represents 
the  first  person  ever  to  be  identified  possessing  two  mutated  copies  of  the  ATM 
gene  but  not  exhibiting  AT  symptoms.  The  likely  explanation  for  her  lack  of 
phenotypic  manifestations  of  AT  is  that  both  alterations  in  her  ATM  gene  are 
missense  mutations,  as  opposed  to  the  truncating  mutations  found  in  a  high 
percentage  of  AT  patients.  Therefore,  this  person  is  likely  capable  of  producing  at 
least  a  partially  functional  ATM  protein  as  opposed  to  the  non-functional  product 
generally  encoded  by  the  ATM  gene  in  AT  patients. 

It  is  significant  to  note  that  37  of  the  52  patients  that  are  the  subject  of  this 
-  report  were  previously  screened  using  a  non-isotopic  RNase  cleavage  assay 
(NIRCA),  an  alternate  mutation  detection  assay  [Drumea  et  al  2000].  In  that  study, 
base  sequence  variations  were  detected  in  only  8  of  the  37  patients  and  all 
represented  the  common  5557G^A  polymorphism.  Identification  of  intronic 
alterations  was  not  possible  in  that  project  as  cDNAs  were  examined.  However,  the 
results  of  the  current  study  using  DHPLC  demonstrate  that  NIRCA  failed  to  detect 
DNA  sequence  variations  located  in  the  exons  of  8  of  the  37  patients.  This  finding 
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demonstrates  the  superiority  of  DHPLC  for  mutation  detection  compared  with 
NIRCA. 

It  has  been  estimated  that  the  relative  risk  of  breast  cancer  for  ATM  carriers 
is  approximately  4-fold  and  that  these  women  account  for  roughly  4%  of  all  breast 
cancer  cases  [Easton,  1994].  This  confers  a  clinically  significant  cancer  risk  making 
the  susceptibility  associated  with  this  genetic  alteration  comparable  to  the  breast 
cancer  risk  resulting  from  a  mutation  in  either  the  BRCA1  or  BRCA2  genes. 
Therefore,  population  screening  for  ATM  mutations  and  vigilant  surveillance  of  ATM 
carriers  may  prove  to  be  appropriate.  The  issue  of  increased  mammographic 
screening  for  A  TM  carriers  is  controversial  [Gray,  1992;  Werneke,  1997]  and  may 
be  less  than  ideal  given  the  possible  enhanced  sensitivity  for  radiation-induced 
breast  cancer.  A  more  appropriate  mode  of  detection  may  be  serial  magnetic 
resonance  imaging  (MRI)  of  the  breast,  a  modality  that  does  not  utilize  ionizing 
radiation.  There  is  evidence  suggesting  that  this  may  represent  an  effective 
screening  tool  in  high-risk  patients  [Tilanus-Linthorst  et  al.,  2000].  We  would 
further  postulate  that  given  the  apparent  overall  increased  breast  cancer  risk  for 
ATM  carriers,  that  population  screening  may  be  beneficial  for  detection  of  people 
susceptible  to  other  forms  of  cancer.  Through  use  of  the  powerful  DHPLC  mutation 
detection  methodology,  it  is  now  feasible  to  examine  large  populations  exhibiting 


16 


specific  forms  of  cancer  to  determine  the  percentage  of  ATM  carriers  in  these 
populations. 
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TABLE  I.  Breast  Cancer  Patient  Characteristics  and  Tumor  Properties 

Patient  demographics  and  Number  of  patients 
tumor  characteristics 


Age  group  (years) 

Under  40  2 

40-59  20 

60-80  29 

Over  80  1 

Ethnic  group 

Caucasians  26 

Hispanic  18 

Black  7 

Asian  1 

Menopausal  status 

Premenopausal  7 

Postmenopausal  45 

Parent  diagnosed  with  cancer 

Breast  2 

Breast  and  other  site  3 

Other  Site  8 

None  39 

Stage  of  disease 

Stage  0  6 

Stage  I  31 

Stage  II  14 

Stage  III  1 

Histology 

Ductal  carcinoma  in-situ  3 

Invasive  ductal  carcinoma  46 

Invasive  lobular  carcinoma  3 


a9  patients  of  Ashkenazi  Jewish  background 
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Table  II.  Mutations  and  Polymorphisms  Identified  in  Breast  Cancer  Patients  Using 
DHPLC 


A  Non-Conservative  M issen se 


Patient 

Number 

Location 

Exon 

Codon 

Number 

Amino  Acid 
Change 

Reported/ 

Novel 

30 

21 19T->C 

15 

707 

ser->pro 

Novel 

45 

4138C-»T 

30 

1380 

his->tyr 

Novel 

45 

4400A-»G 

31 

1467 

asp-»gly 

Novel 

49 

2362A->C 

17 

788 

ser->arg 

Novel 

B  Conservative  Missense  [ 

Patient 

Number 

Location 

Exon 

Codon 

Number 

Amino  Acid 
Change 

Reported/ 

Novel 

3 

5557G-M 

39 

1853 

asp->asn 

Reported36* 

7 

4258C->T 

31 

1420 

leu-^phe 

Reported6® 

j"  8 

5557G-»A 

39 

1853 

asp->asn 

Reported abc 

18 

378T-»A 

7 

126 

asp->glu 

Reported*9 

19 

2572T-»C 

19 

858 

phe->leu 

Reported® 

19 

5557G-»A 

39 

1853 

asp->asn 

Reported360 

20 

5557G->A 

39 

1853 

asp->asn 

Reported360 

33 

5557G-»A 

39 

1853 

asp->asn 

Reported360 

34 

5557G->A 

39 

1853 

asp->asn 

Reported360 

34 

7397C->T 

52 

2466 

ala->val 

Novel 

41 

5557G-M 

39 

1853 

a$p->asn 

Reported360 

42 

5557G->A 

39 

1853 

asp->asn 

Reported360 

43 

2572T^C 

19 

858 

phe-^leu 

Reported0 

44 

5557G-»A 

39 

1853 

asp->asn 

Reported860 

49 

6088A-»G 

43 

2030 

ile->val 

Novel 

50 

378T-»A 

7 

126 

asp->glu 

Reported*9 

50 

5557G->A 

39 

1853 

asp->asn 

Reported360 

C  Synon1 

ymous 

Patient 

Number 

Location 

Exon 

Codon 

Number 

Amino  Acid 
Change 

Reported/ 

Novel 

12 

5793T->C 

41 

1931 

ala->aia 

Novel 

j  21 

1 176C->G 

11 

392 

giy-^giy 

Novel 

34 

735C->T 

9 

245 

val->val 

Reported6 

35 


9 


J  D  Intronic  | 

Patient 

Number 

Location 

Reported/ 

Novel 

IVS4  +  36insAA 

Reported* 

1 

IVS1 7-560-** 

Reported" 

1 

IVS22-77T->C 

Reported*5 

1 

IVS48-69ins3 

Reportedb 

2 

IVS4  +  36insAA 

Reported* 

2 

IVS17-56G-»A 

2 

IVS22-77T-»C 

2 

)VS25-14de!A 

Reported* 

2 

IVS48-69ins3 

Reportedb 

3 

IVS4  +  36insAA 

4 

IVS4  +  36insAA 

Reported* 

4 

IVS17-56G-M 

Reported* 

4 

IVS25-14delA 

WZBSSBSM 

4 

IVS48-69ins3 

ESEGEHH 

5 

!VS22-77T->C 

Reported*11 

5 

IVS48-69ins3 

Reported11 

7 

IVS17-56G->A 

Reported* 

7 

IVS22-77T-»C 

Reported*11 

7 

!VS25-14delA 

7 

IVS48-69ins3 

Reported5 

8 

IVS17-56G4A 

Reported* 

8 

IVS48-69ins3 

Reported5 

10 

IVS17-56G->A 

Reported* 

10 

!VS22-77T-»C 

10 

!VS25-14delA 

10 

IVS48-69ins3 

Reported5 

12 

IVS4  +  36insAA 

Reported* 

12 

IVS16-18insT 

Novel 

12 

IVS20  +  28insA 

Novel 

12 

IVS25-14delA 

Reported* 

12 

IVS48-69ins3 

Reported5 

15 

!VS25-14delA 

Reported* 

16 

IVS4  +  36insAA 

16 

IVS48-69ins3 

EEHSEMl 

16 

IVS17-56G-*A 

Reported* 

18 

IVS22-77T->C 

Reported*5 

18 

IVS33-20A-»G 

lilTTlifTMl 

18 

IVS42-1 25T->G 

Novel 

19 

IVS4  +  36insAA 

ESSffiEEEBI 

20 

IVS4  +  36insAA 

21 

IVS25-14delA 

22 

IVS17-56G->A 

ESEESSM 

Patient 

Number 

Location 

Reported/ 

Novel 

22 

IVS22-77T->C 

22 

IVS25“14delA 

Reported* 

22 

IVS40  +  26C->T 

Novel 

22 

IVS48-69ins3 

Reported5 

23 

IVS4  +  36insAA 

Reported* 

23 

IVS17-56G->A 

Reported* 

23 

IVS22-77T-»C 

Reported*5 

23 

IVS25-14delA 

Reported* 

23 

IVS48-69ins3 

Reported5 

24 

IVS4  +  36insAA 

Reported* 

24 

IVS25-14delA 

E03E353H 

24 

IVS48-69ins3 

E3SSSSM 

26 

!VS4  +  36insAA 

Reported*  | 

27 

IVS4  +  36insAA 

27 

IVS17-56G-*A 

Reported* 

27 

IVS22-77T->C 

Reported*5 

27 

IVS25-14delA 

Reported* 

27 

IVS48-69ins3 

28 

IVS4  +  36insAA 

28 

IVS  1 7-56G*^A 

Reported*  I 

28 

IVS48-69ins3 

29 

IVS4  +  36insAA 

E9333XEH 

29 

IVS17-56G-»A 

Reported*  1 

29 

IVS22-77T->C 

29 

IVS25-14delA 

ESS0E3SBBI 

29 

IVS48-69ins3 

Reported5  | 

30 

IVS4  +  36insAA 

Biff  1  lif  fM 

30 

IVS48-69ins3 

32 

IVS4  +  36insAA 

Reported* 

32 

IVS17-56G->A 

Reported* 

32 

IVS22-77T->C 

BBSgaSM 

32 

IVS48-69ins3 

33 

IVS17-56G->A 

wmmm 

33 

IVS25-14deIA 

BSB5HSEM 

33 

IVS48-69ins3 

34 

IVS4  +  36insAA 

34 

IVS17-56G->A 

34 

IVS22-77T-»C 

Reported*5 

34 

IVS25-14delA 

Reported* 

34 

IVS48-69ins3 

Reported5 

35 

IVS4  +  36insAA 

Reported* 

35 

IVS48-69ins3 

E03EEE0BI 

Patient 

Number 

Location 

Reported/ 

Novel 

37 

IVS4  +  36insAA 

Reported* 

37 

IVS25-14delA 

MSSfSflSnH 

37 

IVS48-69ins3 

Reported5 

38 

!VS4  +  36insAA 

Reported* 

38 

IVS17-56G-»A 

Reported* 

38 

IVS1 9-30del6 

Novel 

39 

IVS22-77T^C 

Reported*5 

40 

IVS4  +  36insAA 

Reported* 

40 

IVS17-56G-M 

40 

IVS22-77T-»C 

HiHIllffM 

40 

IVS48-69ins3 

|  Reported5  | 

41 

IVS4  +  36insAA 

42 

IVS4  +  36insAA 

BiT-H.'TM 

42 

IVS14-55T-»G 

44 

IVS1 7-56G->A 

E332E33B 

44 

Reported*5 

44 

IVS38-15G->C 

Novel 

44 

!VS48-69ins3 

Reported5 

45 

IVS4  +  36insAA 

BiTI-Mlfl'M 

45 

IVS17-56G^A 

liflffiM'MI 

45 

1VS19-17G-»T 

Novel 

45 

IVS40+26C->T 

Novel 

45 

IVS48-69ins3 

Reported5 

46 

IVS1 4-55T->G 

Reported5 

47 

IVS4  +  36insAA 

48 

IVS4  +  36insAA 

Reported* 

48 

1VS1 7-56G->A 

Reported* 

48 

IVS22-77T-»C 

48 

IVS48-69ins3 

49 

Reported* 

49 

IVS5-1 7A->G 

Novel 

49 

IVS22-77T->C 

Reported*5 

49 

IVS48-69ins3 

50 

IVS17-56G-»A 

BiMT  fifT'JB 

50 

IVS33-20A^G 

BiTfffifTBI 

50 

IVS38-8T4C 

Reported*5  | 

50 

IVS48-69ins3 

EflTITTTM 

51 

IVS4  +  36insAA 

Reported* 

51 

IVS1 9-17G->T 

Novel 

51 

IVS48-69ins3 

52 

IVS4  +  36insAA 
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The  location  1VS17-56  refers  to  Intervening  Sequence  (intron)  17,  56  base  pairs  from  the  3'  end  of  the  intron.  If  the  IVS  number  is 
followed  by  a  +  and  a  number,  it  indicates  the  number  of  base  pairs  from  the  5'  end  of  the  intron. 
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Figure  Legend 


t 

Fig.  1.  The  DHPLC  chromatogram  and  sequencing  profiles  for  the  exon  15 
and  exon  17  PCR  products.  F  designates  the  forward  sequence  and  R  is  the 
confirmatory  reverse  sequence  (reverse  compliment  of  the  forward 
sequence).  The  arrows  indicate  the  nucleotide  in  the  forward  sequence  that 
is  mutated  in  each  exon.  The  double  nucleotide  band  presented  in  the 
mutated  DNA  appears  as  a  double  peak  and  the  nucleotides  present  on  each 
chromosomal  copy  of  the  gene  are  indicated  below  the  N  in  each  case. 
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